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Abstract 
Epoxies are a class of high-performance thermosetting polymers which have been 
widely used in many industrial applications. However, unmodified epoxies are 
susceptible to brittle fracture due to their highly crosslinked structure. As a result, 
epoxies are normally toughened to ensure the feasibility of these materials for practical 
applications. Recently, a new generation of toughening agents such as polysiloxane 
based core-shell rubber (CSR) particles, amphiphilic block copolymers and silica 
nanoparticles have been developed to toughen epoxies. These new toughening agents 
will be studied in this thesis to pursue ultra-tough and stiff epoxies without 
compromising other desirable properties.  
 
 Polysiloxane based CSR particles were able to toughen an anhydride cured 
epoxy over a wide range of temperatures from -109 °C to 20 °C. At -109 °C, the 
fracture energy of the epoxy could still be increased from 174 to 481 J/m2 with the 
addition of 20 wt% of the CSR particles. The toughening mechanisms of these CSR 
particle modified epoxies were identified as shear band yielding and plastic void growth.  
 
 A series of commercial poly(methyl methacrylate)-b-poly(butylacrylate)-b-
poly(methyl methacrylate) (MAM) triblock copolymers were studied as toughening 
agents in two epoxy systems. The fracture toughness was generally increased by these 
block copolymers, although their toughening performance was dependent on the 
crosslink density of the epoxies and the morphologies of the modified epoxies. The 
MAM modified epoxies were also studied as the matrix materials in fibre-reinforced 
composites to investigate the transfer of toughness from the matrix materials to the 
composites. Full (1 to 1) and nearly full toughness transfer was obtained for the 
composites. 
 
 Hybrid toughening using a combination of the MAM block copolymer and silica 
nanoparticles has also been investigated in the same epoxy systems. The addition of the 
silica nanoparticles further increased the toughness of the MAM modified epoxies if 
micron-sized MAM particles present.  
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Chapter 1 
Introduction 
 
1.1 Background 
Epoxies are a class of high-performance thermosetting polymers with applications in 
many industries. Common industrial processes involving the use of epoxies are adhesive 
bonding, casting, moulding, coating, electrical encapsulation and composite matrix. 
Such a wide range of industrial applications is achieved by the proper selection of the 
epoxy resin and hardener, combined with the correct curing schedule. The reason why 
epoxies are so popular is because of their excellent combination of engineering 
properties, such as high modulus, low creep, high strength and good thermal and 
dimensional stabilities [1]. Many of these desirable engineering properties are from the 
highly crosslinked microstructure of epoxies, but this microstructure also leads to one 
undesirable property which is their brittleness. Unmodified epoxies are classified as 
brittle materials, which suffer from poor resistance to crack initiation and propagation. 
As a result, epoxies are normally toughened to ensure the feasibility of these materials 
for practical applications [1, 2]. 
 
One of the most successful ways to toughen epoxies is to incorporate a second 
tough/soft phase in the epoxy matrix to form a multi-phase composite [1-3]. The 
conventional toughening agents used to introduce the second phase are reactive liquid 
rubbers or thermoplastics. These conventional toughening agents are dissolved in the 
epoxy before curing, and phase separate to form dispersed particles during the cure of 
the epoxy. The size of these rubber particles or thermoplastic particles are typically in 
the range of 0.1 to 5 μm in diameter, and a volume fraction of about 5 to 20% is 
normally employed. Carboxyl-terminated butadiene-acrylonitrile (CTBN) [4-9] and 
amine-terminated butadiene-acrylonitrile (ATBN) [10, 11] are the most common 
reactive liquid rubber toughening agents, while poly(methyl methacrylate) (PMMA) 
[12, 13], poly(ether sulfone) [14, 15] and poly(ether imide) [16-19] are some of the 
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common thermoplastic toughening agents. Recently, a new generation of alternative 
toughening agents such as pre-formed elastomeric particles [20-27], block copolymers 
[28-36] and silica nanoparticles [37-40] have been developed to toughen epoxies. 
 
Pre-formed elastomeric particles are normally core-shell particles which 
comprise a soft rubbery core and a thin glassy shell. These pre-formed particles are 
typically formed by emulsion polymerisation, and then dispersed in the epoxy resin. As 
a result, it is possible to control precisely the size and volume fraction of the particles in 
the epoxy matrix without introducing the undesirable plasticising effect and reduction of 
thermo-mechanical properties seen using phase-separating liquid rubbers. A range of 
core-shell rubber (CSR) particles have been used as toughening agents to improve the 
fracture toughness of epoxies. Typical materials used to make the soft core of the CSR 
particles are polysiloxane[21], polybutadiene [27] and poly(butylacrylate) [41]. The 
shell of the CSR particles has to be compatible with the epoxy matrix, and sometimes it 
has been made reactive with the epoxy matrix to improve compatibility. Materials such 
as poly(methyl methacrylate) and polyvinyl are common candidates for the shell of the 
CSR particles. CSR particles have been shown to be able to increase significantly the 
toughness of both bulk thermosetting polymers and thermosetting polymer based fibre 
composites, with only a slight decrease of the stiffness and no reduction in the thermo-
mechanical properties, e.g. [22, 24, 25, 41-43].  
 
A block copolymer is a type of polymer which comprises two or more 
chemically distinct subchains (blocks) that are joined together via covalent bonds. 
Owing to the thermodynamic immiscibility of the constituent blocks, amphiphilic block 
copolymers with epoxy miscible blocks and epoxy immiscible blocks can self-organise 
into hierarchical structures at the nanometre scale in the uncured epoxy by using the 
epoxy as a selective solvent [44]. A variety of substructures can be obtained in the 
epoxy through this technique, e.g. vesicles, spherical micelles, and worm-like micelles 
[28-30, 34, 35, 45, 46]. These self-organised nanostructures can subsequently be 
preserved by the polymerisation process of the epoxy. Significant fracture toughness 
improvements have been reported for block copolymer toughened epoxies with a 
variety of nanostructures [28, 29, 31, 34]. 
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Silica nanoparticles are spherical ceramic particles with a narrow diameter range 
typically between 5-35 nm. These particles are produced using a sol-gel process, so they 
are available in the form of a mater-batch of a high particle concentration in a 
thermosetting resin [47]. Silica nanoparticles have been shown to toughen and stiffen 
epoxy simultaneously without reducing the thermo-mechanical properties of the epoxy 
[37, 38, 48].  
 
1.2 Objectives and research areas 
This thesis has focused on three areas related to the toughening of epoxies. These three 
areas are organised by the corresponding toughening agents employed in the toughening 
of epoxies, which are pre-formed silicone (polysiloxane) CSR particles, block 
copolymer, and block copolymer – silica nanoparticle hybrids. The general objectives of 
this work are to investigate and identify the toughening mechanisms of the modified 
epoxies, as well as to understand the relationship between the microstructures and the 
resulting properties of the modified epoxies. The specific problems and objectives 
involved in the toughening of epoxies by the aforementioned toughening agents are 
described below in detail.   
 
1.2.1 Pre-formed polysiloxane based core-shell rubber 
Even though the properties of CSR particle modified epoxies have been studied by 
many researchers since they were introduced, only a few works have paid attention to 
the low temperature performance of these rubber modified epoxies. In general, literature 
[6, 7, 49, 50] reports that the fracture toughness of rubber-toughened epoxies decreases 
as the temperature decreases, except at very low temperatures (possibly having passed 
the β transition of the polymer) where the fracture toughness appears to increase again.  
 
It is generally accepted that the fracture toughness improvement of rubber-
toughened epoxies is due to a series of toughening mechanisms, which are cavitation of 
the rubber particles and the following plastic void growth plus the shear band yielding 
of the epoxy matrix initiated by the rubber particles [2, 6, 9]. This suggests that using a 
low Tg rubber may facilitate the cavitation of rubber particles even at very low 
temperatures, and so to promote the plastic void growth and shear band yielding 
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processes at such temperatures. Moreover, it should be noted that there is no existing 
literature focused on the toughening mechanisms and their roles in CSR particle 
modified epoxies at low temperature, so there is a need for a study to investigate the 
toughening of the CSR particle modified epoxies at low temperature in order to use 
these important materials within a greater range of temperature. 
 
In this part of the thesis, a CSR particle with a very low Tg silicone rubber core 
and a reactive polyvinyl shell was studied as a toughening agent for an anhydride cured 
diglycidyl ether of bisphenol-A (DGEBA) epoxy system. These CSR particles are 0.1-3 
microns in diameter [51]. The objectives of this part of the thesis are to investigate and 
identify the toughening mechanisms of these CSR particle modified epoxies at room 
and low temperatures. The fracture toughness, mechanical properties, microstructure 
and thermo-mechanical behaviour of these CSR particle modified epoxies are also 
investigated and discussed. Finally, current analytical models are used to predict 
mechanical properties and fracture toughness of these CSR particles modified epoxies at 
different temperatures to verify that the correct controlling parameters for the 
toughening effect were identified.  
 
1.2.2 Block copolymer 
Most of the research to date on amphiphilic block copolymer modified epoxies has 
focused on the morphology, and the resulting mechanical properties of the 
nanostructured epoxies. However, it is widely recognised that the study of toughening 
mechanisms is one of the most important ways to understand the relationship between 
microstructure and the resulting mechanical properties of multi-phase thermosetting 
blends [52]. So far only a few studies [28, 29, 34, 36, 53-55] have investigated the 
toughening mechanisms of block copolymer modified epoxies, and they either only 
briefly mention the toughening mechanisms of the block polymer modified epoxies, or 
only treat the toughening mechanisms as the subject of preliminary investigations. 
 
The objectives of this part of the thesis are to systematically study the 
toughening mechanisms, blend morphology, mechanical/thermo-mechanical properties 
and morphology/property relationship of block copolymer modified epoxies. Three 
different commercial poly(methyl methacrylate)-b-poly(butylacrylate)-b-poly(methyl 
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methacrylate) (MAM) triblock copolymers were used. They were M22N, M52N and 
M52 from Arkema, France, and possess different epoxy compatibility and/or proportion 
of the soft poly(butylacrylate) (PbuA) and hard poly(methyl methacrylate) (PMMA) 
blocks. Two different epoxy systems, which have different compatibility with the epoxy 
miscible PMMA blocks of the MAM block copolymers, were selected with the aim of 
introducing a range of different morphologies into the resulting MAM modified 
epoxies. Apart from the bulk epoxies, the role of block copolymers as toughening 
agents in continuous fibre-reinforced composite materials is also investigated, with an 
emphasis on the fracture properties and toughening mechanisms.   
 
1.2.3 Block copolymer and silica nanoparticle hybrid 
The addition of a combination of two or more types of toughening agents which have 
different stiffness, Poisson’s ratio, and size [56-65], to epoxies usually improves the 
fracture toughness to a level higher than the fracture toughness obtained by using a 
single toughening agent alone. This approach is known as hybrid toughening. 
Historically, this approach was first employed by Kinloch et al. [58-60, 66], who 
attempted to restore the loss of stiffness caused by the application of rubber-
modification. Synergetic and additive effects were often reported for these hybrid 
toughened epoxies, although a few studies reported finding of no or even detrimental 
effects. However, the toughening mechanisms responsible for these synergetic and 
additive effects were still not fully understood. This is owing to the complexity of the 
morphology of the hybrid toughened ternary epoxies. Nevertheless, by using the 
combination of a soft organic rubber particle and a rigid inorganic filler, further fracture 
toughness enhancement in the epoxies was able to obtain without sacrificing any 
desirable properties, e.g. Tg, yield stress and modulus.        
 
  The aim of this part of the thesis is to examine whether further fracture 
toughness improvement happens in epoxies containing a combination of 
micron/nanometre-sized block copolymer particles and silica nanoparticles. The 
toughening mechanisms of the block copolymer particles and silica nanoparticles in the 
hybrid modified epoxies will be identified. The interactions between the micron/nano-
sized block copolymer particles and the silica nanoparticles will be explored and 
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discussed. The morphologies, mechanical properties and thermo-mechanical properties 
of these hybrid modified epoxies will be examined.  
 
1.3 Thesis outline 
This thesis is organised by the use of the different toughening agents. Each chapter 
(Ch.) in this thesis can be briefly summarised as follows: 
 
Ch. 2 is a review of the literature relating to the subjects being studied in the present 
thesis. The review starts with a description of the properties of the unmodified epoxies. 
This description is followed by detailed review of the toughening of bulk epoxies and 
composites. 
 
Ch. 3 specifies the materials used in the present study and describes the experimental 
procedures employed to obtain the various material properties and microscopic images 
presented in the subsequent chapters. 
 
Ch. 4 describes the investigation of the use of a polysiloxane based core shell rubber 
(EP-CSR) particle as a toughening agent to toughen an anhydride cured DGEBA epoxy 
in room and cryogenic temperatures. The mechanical properties and the toughening 
mechanisms of the EP-CSR particle modified epoxies were studied and discussed. 
 
Ch. 5 describes the investigation of the use of three different amphiphilic block 
copolymers as the toughening agents to toughen an anhydride cured DGEBA epoxy. 
The morphologies, mechanical properties and toughening mechanisms of these block 
copolymer modified epoxies were studied and discussed. 
 
Ch. 6 describes the investigation of the use of the same amphiphilic block copolymer 
used in Chapter 5 as the toughening agents to toughen an aromatic amine cured DGEBA 
epoxy. The morphologies, mechanical properties and toughening mechanisms of these 
block copolymer modified epoxies were studied and discussed. 
 
Ch. 7 gives a detailed comparison of the MAM block copolymer toughening for the 
anhydride cured and the MCDEA cured DGEBA epoxy systems. 
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Ch. 8 presents the experimental results of the block copolymer and silica nanoparticle 
hybrid modified epoxies. The results of the morphologies, mechanical properties and 
toughening mechanisms for these hybrid modified epoxies were given and discussed, 
and a comparison between the hybrid modified epoxies and the block copolymer 
modified epoxies was provided. 
 
Ch. 9 uses an existing analytical model to predict the fracture energy of the EP-CSR 
particle modified and the M52N/M52 particle modified anhydride cured DGEBA 
epoxies. A comparison between the modelling results and the experimental results was 
provided.  
 
Ch. 10 gives a conclusion of this thesis and provides recommendations for future 
research.  
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Chapter 2 
Literature Review 
 
2.1 Introduction 
A large amount of research has been performed to study the toughening of epoxies and 
their composites, therefore the technical literature is very extensive. A comprehensive 
review of toughened epoxies is thus beyond the scope of this chapter, and therefore only 
the works most relevant to the topic of this thesis are reviewed. 
 
The aim of this chapter is to provide, through carefully examining selected 
literature, a general understanding of unmodified and toughened epoxies. Epoxies 
toughened by elastomeric particles, block copolymers and hybrid bi-modal particles are 
reviewed, and the application of the aforementioned toughening agent modified epoxies 
as the matrix in continuous fibre reinforced polymer composites is discussed. This 
chapter is separated into four sections. It starts with a description of the chemistry and 
characteristics of unmodified epoxies. This is followed by a review of the major 
published works concerning elastomeric particle, block copolymer and hybrid bi-modal 
particle toughening. Lastly, a short review of the application of the modified epoxies as 
the matrix in continuous fibre reinforced polymer composites is given. This chapter 
establishes a theoretical framework for this thesis, and shows the link between the work 
in this thesis to the development of the field. 
 
2.2 General concepts of unmodified epoxies 
Epoxies are obtained by the polymerisation (curing) reaction of epoxy resins with 
hardeners and/or catalysts. The resulting properties of the epoxies are determined by a 
combination of the selected epoxy resins, hardeners and/or catalysts, the curing 
temperature and curing schedule. Furthermore, the variation of cross-link density, and 
therefore the intrinsic ductility, of the resulting unmodified epoxies determines the 
toughenability and the effectiveness of the various toughening mechanisms in the 
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epoxies. Hence, a thorough understanding of the chemical and physical properties of 
unmodified epoxies is essential to the study of the toughening mechanisms of modified 
epoxies.  
 
2.2.1 Epoxy resin 
The term epoxy resins refers to a family of monomers that contain an oxirane/epoxy 
ring, which is a three-membered ring comprising an oxygen atom and two carbon atoms 
united with one and two hydrogen atoms respectively, shown in Figure 2.1 [1, 67, 68].  
Epoxy resins can contain more than one of these oxirane rings, which can be situated 
internally, terminally, or in cyclic structures, and the quantity of oxirane rings per epoxy 
monomer represents the functionality of the resin [1]. The polymerisation process can 
be activated by a suitable hardener, catalyst or both. After the polymerisation reaction 
(curing) with hardeners/catalysts, epoxies are obtained with a highly cross-linked 
thermosetting structure, and the epoxy rings are the sites of cross-linking.  
  
 
Figure 2.1. Chemical structure of epoxy (oxirane) ring [1, 68]. 
 
Diglycidyl ether of bisphenol-A (DGEBA) epoxy resin is one of the most widely 
used commercial epoxy resins. It is made from the reaction of bisphenol A with 
epichlorohydrin, in the presence of sodium hydroxide, as shown in Figure 2.2. DGEBA 
epoxy resin is a difunctional epoxy system, but can have different molecular weights 
and viscosities, which are dependent on the variation of the bisphenol A and 
epichlorohydrin ratios, and the manufacturing conditions [1]. The differences in the 
molecular weights and viscosities of the DGEBA resin are governed by the repeat unit, 
n, in the midst of the DGEBA chemical chain, see Figure 2.2. When the n is between 
0.1 and 0.2, the epoxy resin is a liquid with a viscosity in the range of 6,000 to 16,000 
mPa·s ; when n approaches 2, the resin becomes solid [1, 69].  
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Figure 2.2. Synthesis of DGEBA epoxy resin from bisphenol A and epichlorohydrin [1, 68]. 
 
2.2.2 Polymerisation chemistry of epoxies 
The primary polymerisation (curing) reactions of epoxy resins are step growth 
polymerisation and chain homopolymerisation, which are initiated by one or several 
curing agents and catalysts either separately or in combination [1, 67]. Both 
polymerization reactions are exothermic, proceeding without formation of by-products 
and with a low shrinkage rate, because the curing reaction essentially proceeds by a 
ring-opening mechanism.  
 
The selection of hardeners or catalysts mostly depends on the manufacturing 
requirements and the final product requirements, as the curing reaction of epoxy resin 
has a great influence on the type of chemical bonds and the degree of cross-linking of 
the final epoxies [1]. Besides, cross-link density is one of the most important properties 
of cured epoxy resins and is influenced significantly by the curing reaction. Generally, 
increasing the cross-link density gives an improvement of the tensile modulus, glass 
transition temperature, thermal stability and chemical resistance, but the flexibility and 
toughness of the epoxies will reduce [1, 68]. 
 
2.2.3 Yield behaviour of unmodified epoxies 
Studies of the yielding behaviour of unmodified epoxies are mainly performed using 
compression tests [3, 70]. These are very brittle materials due to their highly cross-
linked structure, and they normally fracture before yielding in tensile tests at 
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temperatures significantly lower than their glass transition temperature, Tg [71]. In 
contrast, unmodified epoxies exhibit yielding and considerable plasticity under 
compression, even at relatively low temperatures [72-74]. A typical stress-strain curve 
for a DGEBA-anhydride epoxy obtained using a plane strain compression test is given 
in Figure 2.3. The stress-strain behaviour of unmodified epoxies can be generally 
divided into three parts. Firstly, there is an approximately linear response which is 
characteristic of elastic behaviour. This is followed by a stress peak and subsequent 
valley, and/or a plateau, corresponding to yielding and strain softening. Finally strain 
hardening and failure occur.   
 
 
Figure 2.3. A typical compressive true stress-strain curve for an unmodified anhydride cured epoxy under 
plane strain compression. 
 
The yield behaviour of unmodified epoxies is highly sensitive to testing 
variables, such as temperature, loading rate and hydrostatic pressure. Yamini and Young 
[72] reported that the yield stress of a series of triethylene tetramine cured DGEBA 
epoxies with different cross-link densities increased as the testing temperature decreased 
or the testing rate increased. Similar results were reported by Cook et al. [74] and Mayr 
et al. [75], confirming the temperature and rate sensitivity of the yield behaviour of 
unmodified epoxies. The effect of hydrostatic pressure on the yield behaviour is similar 
to the loading rate, as the yield stress increases as the hydrostatic pressure increases [3, 
76].  
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The pressure, temperature and rate dependence of the yield behaviour of unmodified 
epoxies can be adequately described by several criteria [76-79] or models [70, 79-83], 
although all of the models were originally developed for describing yield behaviour of 
thermoplastic polymers. If the validity of the underlying theories of these models to 
thermosetting polymers is put aside, excellent predictions of the yield behaviour of 
unmodified epoxies up to the yield point can be obtained. These common criteria and 
models for describing the pressure, temperature and rate dependence of the yield stress 
of glassy polymers will be briefly reviewed in the following parts of this section.  
 
2.2.3.1 Modified Von Mises yield criterion  
The pressure dependence of the yield behaviour of unmodified epoxies is normally 
described by using a modified Von Mises yield criterion [76-79]: 
ሺߪଵ െ ߪଶሻଶ ൅ ሺߪଶ െ ߪଷሻଶ ൅ ሺߪଷ െ ߪଵሻଶ ൌ 6൫߬௬଴ ൅ ߤ݌௛௦൯ଶ  (2.1)  
where σ1, σ2 and σ3 are the principal stresses,  ߬௬଴ is the shear yield stress in pure shear 
and under zero pressure, ݌௛௦ ൌ െሺߪଵ ൅ ߪଶ ൅ ߪଷሻ/3 is the hydrostatic pressure, and μ is 
the internal friction coefficient. As shown in Equation 2.1, the standard Von Mises yield 
criterion is modified by letting the shear stress ߬௬଴ vary linearly with the fraction of the 
hydrostatic pressure.  
 
2.2.3.2 Ree-Eyring’s theory 
According to the Ree-Eyring theory [70, 79, 80], the yield behaviour of an amorphous 
polymer can be described by the sliding of molecular segments with respect to each 
other.  During the displacement of these segments, they pass through a transition state, 
called the activated state, and overcome an energy barrier. The application of stress 
lowers the energy barrier of the transition and facilitates the displacement of the 
molecular segments, which causes the molecular segments to displace in a coordinated 
direction, i.e. yielding occurs. Based on the Ree-Eyring theory, a relationship between 
the temperature, loading rate and the yield stress of a glassy amorphous polymer can be 
expressed as   
ߪ௬ ൌ ଶ∆ுೌఔೌ െ
ସ.଺௞்
ఔೌ log
ఌሶ
௓       (2.2) 
where va is the proportionality coefficient between the applied stress and the decrease of 
the energy barrier (normally called the activation volume), ∆ܪ௔  is the enthalpy of 
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activation in the limit of zero applied stress, k is the Boltzmann constant, T is the 
absolute temperature, ߝሶ is the strain rate and Z is a constant. Notice that Equation 2.2 
predicts that the yield stress of an amorphous polymer will increase as the temperature 
decreases, and as the strain rate increases. This agrees with the experimental 
observations.  
 
Cook et al. [74, 75] studied the temperature and rate dependence of the yield 
behaviour of a series of aromatic or aliphatic amine cured DGEBA epoxies. They found 
that the temperature and rate dependence of the yield behaviour of their epoxies agreed 
well with the Ree-Eyring model.  Similar findings confirming the validity of the Ree-
Eyring in describing the temperature and rate dependence of the yield behaviour of 
unmodified epoxies are also given by other researchers [84, 85]. However, the Ree-
Eyring model is not predictive as the activation volume, va, is not a material property 
and varies with temperature. 
 
2.2.3.3 Argon’s theory 
Argon [81, 82] proposed that the yield behaviour of glassy polymers may be produced 
by the formation of pairs of molecular kinks. The formation of a kink pair is modelled 
by the intermolecular resistance of chain flexing to the work done by the stress applied 
to the polymer. Hence, yielding of the glassy polymers is considered to arise when the 
nearby molecular segments experience a similar flexing process and relieve the local 
stored elastic energy of the initial kink pair [79]. Based on Argon’s theory, the 
relationship between the shear yield stress, τy, and the shear modulus, G, can be 
expressed by 
ቀఛ೤ீ ቁ
ହ/଺ ൌ ܣ௦௧ െ ܤ௦௧ ቀ்ீቁ      (2.3) 
where T is the absolute temperature, Ast is a constant related to the Poisson’s ratio, ν, 
and Bst is a constant depending on the polymer structure and strain rate. The constants 
Ast and Bst are given by 
ܣ௦௧ ൌ ቀ଴.଴଻଻ଵିఔ ቁ
ହ/଺
       (2.4) 
and 
ܤ௦௧ ൌ ܣ௦௧ ቂଵ଺ሺଵିఔሻ௞ଷగఠమ௔೘ೝయ ln ቀ
ఊబሶ
ఊሶ ቁቃ      (2.5) 
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where ω is the net angle of rotation (in radians) of the molecular segments between the 
initial and activated positions, amr is the mean molecular radius, k is the Boltzmann 
constant, ߛሶ  is the shear strain rate, and ߛ଴ሶ  is the pre-exponential factor. The shear 
modulus can be converted to the elastic modulus using ܩ ൌ ܧ/2ሺ1 ൅ ߥሻ, and the shear 
yield stress can be converted to the uniaxial tensile yield stress using ߬௬ ൌ ߪ௬/√3 
(assuming that yield complies with the Von Mises criterion). 
 
Argon’s model has been demonstrated to account satisfactorily for the 
temperature and rate dependence of the yield behaviour for several unmodified epoxies 
[72, 74], provided that T is sufficiently below Tg. An example of the fitting of the 
Argon’s model to experimental compressive yield stress versus temperature data for 
several unmodified epoxies cured under identical conditions is given in Figure 2.4. This 
illustrates that good agreement between the experimental data and Argon’s model is 
found except for a minor deviation near the Tg of the epoxies. Although Argon’s model 
only gives a good prediction of the yield behaviour of unmodified epoxies at low 
temperatures, it is very useful as it allows the yield stress at temperatures and/or strain 
rates which cannot be measured experimentally to be estimated.   
 
 
 
Figure 2.4. Fitting of the Argon model to the experimental compressive yield stress versus temperature 
data for several unmodified epoxies [74]. 
 
2.2.3.4 Bowden’s theory 
Bowden and Raha [76, 83] suggested that yielding in glassy polymers may start with the 
nucleation of thermally activated disk-shaped shear segments under applied stress. The 
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dimensions of the disk-shaped shear segments are assumed to be equal to the Burger’s 
vector b in the stress direction, and these shear segments grow in size as the applied 
stress is increased. The mathematical treatment of Bowden’s theory is based on 
assuming that the strain field of the shear segments is analogous to those of dislocation 
loops with a radius Rdl. However, it has to be noted that the concept of dislocation loops 
is only an analogy, and the introduction of dislocation loops is strictly for mathematical 
convenience. Yielding of the glassy polymers is assumed to occur when the energy of 
the dislocation loop, Udl, reaches a critical value of 50 kT. Hence, according to 
Bowden’s theory, the critical energy of the dislocation loop, Uc, is given by 
௖ܷ ൌ ቀீ࢈
మோ೎
ସ ቁ ቂln ቀ
ଶ௘ோ೎
࢈√ଷ ቁ െ 1ቃ      (2.6) 
where b is the Burger’s vector, G is the shear modulus, e is Euler’s constant and ܴ௖ is 
the critical radius of the dislocation loop, which is given by 
ܴ௖ ൌ ீ࢈ସగఛ೤ ቂln ቀ
ଶ௘ோ೎
࢈√ଷ ቁ ൅ 1ቃ.      (2.7) 
Equations 2.6 and 2.7 can be solved to obtain the shear yield stress, τy, by knowing the 
shear modulus, G, and a properly chosen value for b. It was found that Bowden’s theory 
can describe the temperature dependence of the yield stress of unmodified epoxies over 
a wide range of temperature even close to the Tg, in contrast to Argon’s model [72, 74]. 
 
Kitagawa [86] later generalised and expanded Bowden’s theory, and proposed 
that a power law exists between the shear yield stress, τy, and the shear modulus, G, at 
various temperatures as 
బ்ఛ೤
்ఛబ ൌ ቀ
బ்ீ
்ீబቁ
௡೟೔
        (2.8)  
where nti is the temperature independent exponent while τ0 and G0 are the shear yield 
stress and shear modulus taken at the reference temperature T0 (normally room 
temperature). A good agreement between experimental results and the prediction of 
Equation 2.8 was reported by several researchers [72, 74], and a typical example is 
given in Figure 2.5. The value of the exponent, nti, for an epoxy system was reported to 
be in the range between 1.6-1.9 [72, 74, 79]. 
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Figure 2.5. The yield stress and modulus data of several unmodified epoxies plotted according to 
Equation 2.8 in a log-log plot. The straight line is the fitting of Kitagawa’s power-law equation with a 
slope of 1.9 [74]. 
 
2.2.4 Fracture behaviour of epoxies 
Due to the brittleness of epoxies, their failure is fracture-dominated in a tensile stress 
field, where the problems of stress concentrations at defects (cracks) become 
significant.  The fracture behaviour of these epoxies has mainly been studied through 
the application of linear elastic fracture mechanics (LEFM) [76], since they are very 
brittle materials with only localised plastic deformation during fracture. Hence, the 
quantitative measurement of the resistance to fracture for epoxies is normally in terms 
of a critical strain-energy release rate, Gc, (called the fracture energy) or a critical stress 
intensity factor, Kc, under plane strain conditions. In this thesis, only Mode I (opening 
mode) crack propagation is considered, because it is technically more important than 
other crack propagation modes and gives the lowest value of toughness.  
 
The Mode I fracture energy, GIc, of unmodified epoxies is typically in the order 
of 100-300 J/m2 at room temperature [87]. This is in the range of very brittle materials, 
and always lower than thermoplastics with a similar Tg. However, energy dissipation 
processes in the form of plastic deformation must still take place during fracture, 
because the values of GIc are far higher than the energy theoretically estimated for 
purely brittle fracture [76, 79]. This finding was evidenced by fractographic 
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observations of riverline patterns, caused by matrix tearing, randomly emanating from 
the initial crack front [88], as shown in Figure 2.6.  
 
Figure 2.6. SEM image of riverlines starting from the crack front of an unmodified anhydride cured 
DGEBA epoxy. 
 
Three types of crack propagation are observed in the fracture of unmodified 
epoxies (also in toughened epoxies) depending on the test temperature and loading rate 
[6]. These are stable brittle propagation, unstable semi-brittle propagation and stable 
ductile propagation, as described below. Here only load-displacement curves from 
unstable test pieces, such as single edge notched three point bending (SENB) test 
samples, are considered. 
 
2.2.4.1 Stable brittle crack propagation 
Stable brittle crack propagation normally occurs at low test temperatures and high 
loading rates [6, 70]. For this type of crack propagation, the load rises linearly until, at a 
critical (maximum) value, crack propagation initiates and continues through the whole 
sample. A schematic load-displacement curve for stable brittle crack propagation is 
shown in Figure 2.7. The rate of the stable crack propagation depends on the loading 
rate, and the fracture surfaces are featureless with little evidence of plastic deformation 
but with a few riverlines at the crack front, which is the characteristic of a brittle 
fracture. 
 
Crack direction
Location of pre-crack 
61 
 
 
Figure 2.7. Schematic load-displacement curve for stable brittle crack propagation of unmodified epoxy 
in single-edge notched three point bending test [6]. 
 
2.2.4.2 Unstable semi-brittle crack propagation 
Unstable semi-brittle crack propagation occurs at higher temperatures or lower loading 
rates compared to stable brittle crack propagation [6, 70]. The load-displacement curve 
is similar to that of stable brittle crack propagation, but has a saw tooth shape which 
corresponds to crack initiation and arrest, see Figure 2.8. It can be seen that the load 
rises linearly to a maximum value, when crack propagation occurs. However, in 
unstable semi-brittle propagation, the crack travels rapidly in an unstable manner until 
the stored elastic energy in the specimen is released and is insufficient to drive the crack 
propagation, i.e. crack arrest occurs. A large sudden load drop results due to the 
unstable crack propagation and arrest. The load rises linearly again to a small peak (less 
than the main maximum) and then drops, which corresponds to the repetition of crack 
initiation and arrest. This is how the saw tooth shape develops. 
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Figure 2.8. Schematic load-displacement curve for unstable semi-brittle crack propagation of unmodified 
epoxy in single-edge notched three point bending test [6]. 
 
The saw tooth shape of the load-displacement curve, and the corresponding 
crack initiation and arrest behaviour is explained by the crack tip blunting mechanism 
[89]. It has been reported that, during unstable fast propagation, the crack tip radius 
increases as the crack propagates through virgin material until at some load value the 
crack arrests [89]. The radius of the crack tip can reach the order of several microns [77, 
89]. This gradual crack tip blunting mechanism effectively reduces the intensity of the 
stress concentration at the crack tip, and therefore leads to the arrest of the crack 
propagation. The fracture surfaces appear similar to those under stable brittle crack 
propagation, but “thumbnail” lines, perpendicular to the crack growth direction, are 
seen, as shown in Figure 2.9. These are associated with the positions corresponding to 
crack arrest [70]. 
 
 
Figure 2.9. Fracture surface of unmodified epoxy which failed by unstable semi-brittle crack propagation. 
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2.2.4.3 Stable ductile propagation 
At higher temperatures, close to the Tg of the unmodified lightly cross-linked epoxy, 
stable ductile propagation is observed [6, 90]. Here non-linearity occurs in the load-
displacement curve well before the maximum load is reached. A schematic drawing of 
the load-displacement curve is given in Figure 2.10. The rate of crack propagation 
depends on the loading rate, similar to stable brittle propagation. The fracture surfaces 
of an unmodified epoxy under stable ductile propagation show very rough and torn 
surfaces with extensive matrix tearing and yielding over the whole fracture surface [6]. 
 
 
Figure 2.10. Schematic load-displacement curve for stable ductile crack propagation of unmodified epoxy 
in single-edge notched three point bending test [6]. 
 
2.2.4.4 Summary of the fracture behaviour of unmodified epoxy 
The influence of temperature and loading rate on the fracture behaviour of an 
unmodified epoxy is closely related to the temperature and rate dependence of the yield 
stress, because according to LEFM the value of yield stress controls the size of the 
plastic deformation zone and the crack-tip blunting process (which determines the local 
stress concentration) [79]. The size of the plastic deformation zone and the radius of 
curvature of the blunting crack tip during crack propagation is inversely proportional to 
the yield stress squared, as represented by the following equation [70]: 
ݎ௣௭௨ ൌ ቀ ଵ଺గቁ ൬
ଵ
ఙ೤൰
ଶ ீ಺೎ா
ሺଵିజమሻ      (2.9) 
where E is the elastic modulus and v is the Poisson’s ratio. Hence, a decrease of σy will 
increase the GIc of the unmodified epoxy. As a result, the influence of temperature and 
loading rate on the fracture behaviour of unmodified epoxies can be summarised into 
Lo
ad
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two main concepts. Firstly, at a constant temperature, a decrease of loading rate causes a 
decrease of σy and an increase of GIc. Correspondingly, stable brittle crack propagation 
is normally related to a high loading rate, but unstable semi-brittle crack propagation 
relates to a low loading rate.  Secondly, at a constant loading rate, a decrease of 
temperature involves an increase of σy and a decrease of GIc.  Correspondingly, stable 
brittle crack propagation normally occurs at low temperature, and unstable semi-brittle 
crack propagation is normally observed at high temperature. 
 
2.3 Toughening of bulk epoxies 
2.3.1 Toughening by rubber particles 
Epoxies toughened by rubber particles have been studied extensively in the past few 
decades. This technology can be categorised into two approaches through the way in 
which the rubber particles are introduced. The first approach is based on using reactive 
liquid elastomers, such as carboxyl-terminated butadiene-acrylonitrile (CTBN) rubber. 
These reactive liquid elastomers are normally prepared as an adduct (i.e. by pre-reacting 
the rubber with epoxy), and are mixed with the epoxy resin. The rubber particles are 
formed in situ during the curing of the epoxy. This approach does not provide good size 
and volume fraction control of the rubber particles, because the in situ formation of the 
rubber particles is influenced by the degree of compatibility between the reactive liquid 
elastomer and the epoxy precursor, as well as by the kinetics of gelation.  
 
The second approach is based on using pre-formed core-shell rubber (CSR) 
particles with two or more layers prepared by emulsion polymerisation. These pre-
formed rubber particles eliminate the undesirable plasticisation effect of the reactive 
liquid elastomers caused by incomplete phase-separation, so they usually provide better 
thermo-mechanical properties. Furthermore, as the rubber particles are pre-formed, the 
volume fraction and the size of the particles can be well controlled. In this section, a 
review of the yield behaviour, fracture behaviour and toughening mechanisms of rubber 
particle modified epoxies is provided.  
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2.3.1.1 Yield behaviour of rubber particle modified epoxies 
From the results reported in the literature [4, 20, 65, 70, 91], the addition of a second 
rubbery phase inevitably reduces the stiffness and the yield stress of the modified 
epoxies. Yee and Pearson [4] showed that the tensile modulus and tensile yield stress of 
epoxies modified with CTBN copolymers containing 10% and 17% acrylonitrile (AN) 
were decreased linearly with increasing CTBN particle content, see Figure 2.11. A 
study by Becu et al. [20] using both CTBN rubber and pre-formed core shell rubber 
particles also reported a linear decrease of the tensile modulus and tensile yield stress 
due to the addition of CTBN rubber and pre-formed CSR particles. Becu et al. [20] also 
observed that pre-formed core shell rubber particles preserved the elastic modulus and 
yield stress of the modified epoxies better than phase separated CTBN rubber particles. 
This phenomenon was attributed to the elimination of the plasticisation effect by the 
residual, dissolved CTBN rubber. Similar results for epoxies modified with CTBN 
rubber or pre-formed CSR particles have also been reported by other researchers [65, 
91]. Up to a 40% reduction of the elastic modulus and a 30% reduction of the yield 
stress have been reported for several epoxies by the addition of rubber particles.  
Furthermore, several finite element modelling studies [92, 93] have also reported a 
similar linear decrease in the elastic modulus due to the addition of rubber particles. 
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                   (a)             (b) 
Figure 2.11. (a) Tensile modulus versus CTBN rubber content: (●) DGEBA modified with CTBN 
containing 17% acrylonitrile (AN); (○) DGEBA modified with CTBN containing 10% AN; (∆) DGEBA 
modified with 24% bisphenol-A and 17% AN. (b) Tensile yield stress versus CTBN rubber content: (○) 
DGEBA modified with CTBN containing 17% AN; (◊) DGEBA modified with CTBN containing 10% 
AN; (▲) DGEBA modified with 24% bisphenol-A and 17% AN [4]. 
  
2.3.1.2 Fracture behaviour of rubber particle modified epoxies 
The fracture energy of epoxies modified with rubber particles increases linearly as the 
rubber content increases up to a certain level, normally in the range between 10 to 20% 
[4, 21, 54, 94, 95]. Beyond this level, GIc growth tends to slow down and results in 
stabilisation or even decreases [54, 94, 95]. This behaviour has been observed both for 
reactive liquid rubbers [94, 95] and pre-formed CSR particles [54]. For the case of 
reactive liquid rubber toughening, Kinloch [96] attributed the maximum and subsequent 
decrease of the toughness to phase inversion and the formation of a co-continuous 
morphology when a high concentration of rubber is incorporated. For the case of pre-
formed CSR particle toughening, Bagheri et al. [2] suggested that the maximum and 
subsequent stabilisation or decrease of the toughness might be due to the limited matrix 
material available to plastically deform and absorb energy prior to fracture at high 
rubber contents.   
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The influence of temperature on the fracture behaviour of a CTBN modified 
epoxy was studied by Bascom and Cottington [50]. These researchers reported that GIc 
rises non-linearly in an accelerated way with temperature over the range of -40 to 50 °C 
(233-323 K), see Figure 2.12.  
 
 
Figure 2.12. Bulk fracture energy, GIc, versus temperature for a 15 wt.% CTBN modified epoxy [50]. 
 
2.3.1.3 Toughening mechanisms of rubber particle modified epoxy 
It is widely accepted that the major toughening mechanisms of rubber particle modified 
epoxies are (a) localised shear band yielding of the epoxy matrix and (b) independent 
rubber particle cavitation and subsequent plastic void growth [91, 93, 97-100]. The 
second mechanism typically needs to be operative to achieve significant increases in the 
toughness of the rubber particle modified epoxies, as shown by Li et al [101]. Further, 
localised shear band yielding and rubber particle cavitation have been demonstrated to 
be coupled toughening mechanisms by several finite element analyses [93, 98], and 
either of them can precede the other depending on the material properties and the stress 
state. However, rubber particle cavitation is believed to occur at a relatively low stress 
and normally precedes the matrix shear band yielding [9]. Support for this claim comes 
from observations that a plastic deformation zone is usually encompassed by a larger 
rubber particle cavitation zone in front of the crack tip at the onset of unstable crack 
growth, as shown in Figure 2.13 [22]. It is also reported that the initiation of cavitation 
and the size of the cavitation zone may depend on the cavitation resistance of the 
rubbery particles [22]. Pearson and Yee [22] speculated that the rubber particles which 
possess higher cavitation resistance should store more elastic energy prior to cavitation, 
and therefore facilitate the localised shear band yielding. Hence, a larger plastic 
deformation zone may result and a higher fracture toughness may be obtained. 
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Figure 2.13. Transmission optical micrograph of the sub-critically loaded crack tip in the plane-strain 
region of a CTBN modified epoxy, viewed in bright field [22].    
 
Other toughening mechanisms which have been reported in rubber particle 
modified epoxies are rubber particle bridging [102] and crack bifurcation and/or 
deflection [22], but these are usually considered to be secondary toughening 
mechanisms. It is commonly accepted that these toughening mechanisms only give a 
minor contribution to the toughness enhancement [3].  
 
Huang and Kinloch [97] examined the toughness enhancement contribution 
from localised shear band yielding, void growth and rubber bridging in a CTBN rubber 
modified epoxy using a quantitative model. During fracture, the localised shear band 
yielding and the plastic void growth constitute 54% and 38% of the total dissipated 
energy at room temperature, respectively, but rubber bridging only contributed 8% of 
the total dissipated energy. These results confirm the major role of localised shear band 
yielding and plastic void growth in rubber particle modified epoxies, and the minor role 
of rubber bridging.   
 
2.3.2 Toughening by block copolymers 
Block copolymers are a class of materials which comprise two or more chemically 
distinct subchains (blocks) that are joined together via covalent bonds [103]. 
Amphiphilic block copolymers with epoxy miscible blocks and epoxy immiscible 
blocks have recently been employed as one of the latest toughening strategies for 
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improving the toughness of epoxies, because of the ability to form various ordered or 
disordered nanostructures in epoxy blends [44]. Owing to the thermodynamic 
immiscibility of the constituent blocks and the confinement of the covalent bonds 
between the blocks, these block copolymers can self-organise into hierarchical 
structures at the nanometre scale by using the epoxies as a selective solvent. The 
formation of a nanostructure in epoxies containing block copolymers can be via two 
mechanisms, which are the self-assembly mechanism [46, 104] and the reaction-induced 
microphase separation mechanism (RIMPS) [105-107]. It has been recognised that the 
ordered or disordered nanostructure generated in the block copolymer modified epoxies 
may optimise the interaction between the epoxy matrix and the modifiers, and thus the 
toughness of the epoxies can be significantly improved without compromising other 
desirable mechanical and thermal properties [44]. In the current section, a review of the 
block copolymer toughening technique is provided. The review is focused on describing 
the morphology, yield behaviour, fracture behaviour and toughening mechanisms of the 
block copolymer modified epoxies. However, only epoxies modified with a low amount 
of block copolymers (< 30%) are considered, because the topic of the present thesis is 
the modification of epoxies, so an epoxy-block copolymer blend with a block 
copolymer matrix is beyond the scope of the thesis. 
 
2.3.2.1 Morphologies of block copolymer modified epoxies 
A variety of nanostructures have been reported for the block copolymer modified 
epoxies. Grubbs et al. [45] reported that finely dispersed spherical micelles and 
spherical vesicles were observed in epoxies modified with 10-30 wt% reactive 
poly(epoxy-isoprene)-b-polybutadiene (BIxn) and/or poly(methyl acrylate-co-glycidyl 
methacrylate)-b-glycidyl methacrylate) (MG-I) depending on the composition of the 
blocks. The size of the dispersed spherical micelles is reported to be about 10-20 nm in 
diameter, and the size of the spherical vesicles is about several hundred nanometres in 
radius and with wall widths on the order of 10 nm [45], see Figure 2.14. Similar 
observations of finely dispersed spherical micelles and vesicles in epoxies containing 
block copolymers were also reported by other researchers using a number of different 
block copolymers [29, 30, 32, 34, 35, 105-121]. Dispersed worm-like micelles (or 
bicontinuous gyroid networks) have been observed in low concentration block 
copolymer modified epoxies by many researchers [28, 30, 34, 35, 112, 113, 122], see 
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Figure 2.15. These worm-like micelles (or bicontinuous gyroid networks) typically have 
widths of 10-20 nm and lengths up to several hundred nanometres. Furthermore, exotic 
morphologies with finely dispersed raspberry-like (spheres on spheres) particles were 
also reported [110]. Ritzenthaler et al. [109, 110] investigated the morphologies of 
epoxies modified with polystyrene-b-polybutadiene-b-poly(methyl methacrylate) 
(SBM). These researchers observed finely dispersed raspberry-like particles which were 
30-100 nm in diameter in the epoxy matrix upon the addition of 15-30 wt% of the SBM 
modifiers in the epoxies, see Figure 2.16. 
 
However, it has been reported that the formation of these nanostructures is 
governed by several parameters, which are the chemistry of each block of the block 
copolymers, the composition of block copolymers, the block-block and block-matrix 
interaction parameters, concentration of block copolymers, the cross-link density of the 
epoxy precursors and the  chemistry of the epoxy precursors [30, 31, 44, 110, 122, 123]. 
Hence, the design of a particular morphology for epoxies is difficult. Further research is 
needed to understand the physics behind the formation of nanostructures in epoxies with 
block copolymers. 
 
 
Figure 2.14. Transmission electron micrographs of epoxies modified with 5-20 wt% poly(epoxy-
isoprene)-b-polybutadiene block copolymers (87% of the isoprene repeat units were epoxidised) [45]. 
Scale bars = 100 nm. 
 
100 nm 100 nm 100 nm
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Figure 2.15. Transmission electron micrograph of epoxy modified with 5 wt% of poly(butylene oxide)-b-
poly(ethylene oxide) (Mn (g/mol): 17300, the mass fraction of the poly(ethylene oxide) block is 0.20 and 
the number of the ethylene oxide repeat units is 78) [122]. Scale bar = 100 nm. 
 
 
Figure 2.16. Transmission electron micrographs (ii) and schematic repreaentation of the morphologies of 
epoxies modified with 15-30 wt% polystyrene-b-polybutadiene-b-poly(methyl methacrylate) block 
copolymers (the weight fractions of the polystyrene, polybutadiene and poly(methyl methacrylate) blocks 
are 22%, 9% and 69%, respectively) [110]. 
 
2.3.2.2 Yield behaviour of block copolymer modified epoxies 
The addition of block copolymers with soft blocks generally reduces the elastic modulus 
and the yield stress of epoxies similar to the addition of homopolymers or random 
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copolymers (viz. elastomers or thermoplastics), but the extent of the reduction is 
significantly smaller [30-32, 108, 113, 122]. This is demonstrated by the study of 
Bacigalupo [55], who compared the mechanical properties of SBM block copolymer 
and CTBN modified epoxies using the same epoxy system. She reported that SBM 
modified epoxies have a significantly higher yield stress than the CTBN modified 
epoxies, see Figure 2.17. Zheng [44] proposed that the minimum reduction of the elastic 
modulus and yield stress for block copolymer modified epoxies may be due to the 
elastic modulus and yield stress of the nanostructured epoxies containing block 
copolymers could only be affected by the miscibility of the subchains of the block 
copolymers with the epoxy matrix and the morphology of the block copolymer modified 
epoxies [44].  
 
 
Figure 2.17. Plots of compressive yield stress versus modifier content for SBM modified epoxies and 
CTBN modified epoxies [55]. 
 
Dean et al. [108] studied the mechanical properties of epoxies modified with 
poly(ethylene oxide)-b-poly(ethylene-alt-propylene) (PEO-PEP). These investigators 
found that the addition of 5 wt% of PEO-PEP caused an approximately 20% decrease of 
the elastic modulus of the epoxies. They also noticed that the reduction of the elastic 
modulus of the PEO-PEP modified epoxies is almost constant irrespective to the 
composition of the PEO-PEP block copolymers provided that the morphologies of the 
modified epoxies remain as a continuous epoxy matrix with dispersed spherical 
micelles. In the same study, Dean et al. [108] observed that an addition of 2.5 wt% of 
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PEO-PEP containing a significantly higher amount of the PEP epoxy miscible block 
resulted in an epoxy with dispersed micron-sized vesicles. This vesicle modified epoxy 
caused a decrease of 20% for the elastic modulus, which indicates that the elastic 
modulus of block copolymer modified epoxies is dependent on the morphology.  
 
Similar results have been reported by Wu et al. [113, 122] confirming the 
morphology dependence of the elastic modulus of block copolymer modified epoxies. 
Wu et al. [113, 122] were able to create epoxies with different morphologies, which 
were spherical micelles, worm-like micelles and vesicles, by changing the composition 
of poly(n-butylene oxide)-b-poly(ethylene oxide) (PBO-PEO) or poly(hexylene oxide)-
b-poly(ethylene oxide) (PHO-PEO) block copolymer modifiers. These researchers 
confirmed that the elastic modulus of the block copolymer modified epoxies is strongly 
dependent on the morphology, and that the worm-like micelles morphology causes the 
smallest reduction of the elastic modulus, where only 10% decrease of the elastic 
modulus is found upon the addition of 5 wt% of the block copolymers. Work carried by 
Kishi et al. [34] however suggests that epoxies with dispersed spherical micelles 
morphology should preserve better the elastic modulus of the modified epoxies. These 
researchers investigated the morphologies and mechanical properties of epoxies 
modified with poly(methyl methacrylate)-b-poly(n-butyl acrylate)-b-poly(methyl 
methacrylate) (PMMA-b-PnBA-b-PMMA) with various compositions, and successfully 
created epoxies with dispersed spherical micelles or worm-like micelles morphologies. 
Kishi et al. [34] reported that the epoxies with dispersed spherical micelles possessed 
higher elastic modulus compared to the epoxies with dispersed worm-like micelles, 
which is contrary to the results reported by Wu et al [122].  
 
Other researchers, however, observed no reduction of the elastic modulus by the 
addition of block copolymers. Liu et al. [29] studied the toughening mechanisms and 
mechanical properties of epoxies modified with PEO-PEP, and an epoxy with dispersed 
spherical micelles was obtained by adding 5 wt% of PEO-PEP. These researchers found 
no reduction of the elastic modulus of the PEO-PEP modified epoxies. 
 
In addition to the change of the elastic modulus in block copolymer modified 
epoxies, the change of the tensile strength was also studied by Wu et al. [119]. These 
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researchers investigated the nanostructure-mechanical property correlation of epoxies 
modified with sulfonated polystyrene-b-poly(ethylene-ran-butylene)-b-polystyrene and 
a tertiary amine-terminated poly(ε-caprolactone) (SSEBS-c-PCL). They reported that 
the tensile strength of the SSEBS-c-PLC modified epoxies was almost constant 
irrespective to the change of the proportion of the SSEBS and the PCL contents.  
 
In short, by reviewing the literature, it has been shown that the yield behaviour 
of block copolymer modified epoxies is still not fully understood. Nevertheless, the 
literature demonstrates that block copolymer toughening leads to better elastic modulus 
and yield stress retention compared to traditional homopolymer and random copolymer 
modifiers.  
 
2.3.2.3 Fracture behaviour of block copolymer modified epoxies 
It has been reported that ultra-high toughness epoxies, which are inaccessible by 
toughening epoxies using traditional toughening agents (e.g. elastomers or 
thermoplastics), can be created using block copolymers as toughening agents [44]. 
Pearson et al. [54] compared the fracture toughness improvement ability of SBM block 
copolymer, core-shell rubber particles and CTBN rubber on a lightly cross-linked 
piperidine cured epoxy. These researchers found that the SBM block copolymers could 
continuously toughen the epoxies up to 25 wt% of the SBM were added, while a plateau 
or a peak of fracture toughness was observed at about 10 wt% for the core-shell rubber 
particle or CTBN modified epoxies, see Figure 2.18. More importantly, the maximum 
value of KIc for the SBM modified epoxies was reported to nearly approach 5 MPa·m1/2, 
while the core-shell rubber particle or CTBN modified epoxies reached a plateau or 
maximum at about 3 MPa·m1/2. Barsotti et al. [35] also compared the fracture toughness 
improvement ability of block copolymer and CTBN in the same epoxy system, but 
using another block copolymer poly(methyl methacrylate)-b-poly(butyl acrylate)-b-
poly(methyl methacrylate) (MAM). These researchers reported that MAM modified 
epoxies have a significantly higher fracture toughness than the CTBN modified epoxies 
upon the same modifier loading. They reported that, for example, in a dicyandiamide 
(DICY) cured DGEBA epoxy, 5 wt% MAM modified epoxy gave a value of KIc = 1.64 
MPa·m1/2 while a value of KIc = 1.32 MPa·m1/2 was measured for a 5 wt% CTBN 
modified epoxy.  
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Figure 2.18. Plots of fracture toughness versus modifier content for various types of rubber modified 
epoxies [54]. 
 
Wu et al. [113, 122] studied the structure and properties of epoxies modified 
with PBO-PEO diblock copolymers by varying the composition of the diblock 
copolymers. These researchers found that the fracture energy of the block copolymer 
modified epoxies was dependent on the morphologies of the modified epoxies. They 
reported that, for the same block copolymer loading, epoxies with dispersed branched 
worm-like micelles have the highest fracture toughness. 
 
In short, the results from the past literature have demonstrated that block 
copolymer toughening has the potential to provide a higher toughness improvement 
compared to traditional homopolymer and random copolymer toughening agents.  
 
2.3.2.4 Toughening mechanisms of block copolymer modified epoxies 
The toughening mechanisms of epoxies modified with block copolymers are still not 
fully understood. They have been found to depend on the shape and size of the second 
phase as well as the interaction between the second phase and the matrix [119]. Many 
toughening mechanisms have been proposed to account for the toughness improvement 
for block copolymer modified epoxies with a range of common morphologies, such as 
spherical micelles, worm-like micelles and vesicles. Dean et al. [30, 108] studied the 
toughening mechanisms and mechanical properties of numerous block copolymer 
modified epoxies with dispersed vesicles. These researchers claimed that the toughening 
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mechanisms responsible for the toughness improvement for these modified epoxies are 
vesicle debonding followed by localised matrix deformation, crack deflection and crack 
bridging.  
 
Wu et al. [122] investigated the toughening mechanisms and morphologies of 
block copolymer modified epoxies by changing the composition of PBO-PEO diblock 
copolymers. These researchers prepared epoxies with dispersed vesicles, spherical 
micelles and worm-like micelles, and provided the toughening mechanisms 
corresponding to these modified epoxies.  They proposed that particle debonding and 
the subsequent void growth is the toughening mechanism responsible for the toughness 
improvement of the epoxies containing dispersed vesicles. For epoxies with dispersed 
spherical micelles, they reported that the fracture surface was plain and almost 
featureless, so they speculated that cavitation of the spherical micelles and the cavitation 
induced localised shear band yielding as the toughening mechanisms for the epoxies 
with no experimental evidence. However, for epoxies with dispersed worm-like 
micelles, these researchers observed that the fracture surface was distinctly textured 
with obvious matrix tearing, and covered with small holes and shallow elongated divots. 
These researchers proposed that the fracture toughness improvement of the epoxies with 
dispersed worm-like micelles may be due to a combination of several toughening 
mechanisms, which are cavitation of the worm-like micelles caused by extraction (pull 
out) of the block copolymer, subsequent void growth, cavitation induced shear band 
yielding, crack bridging and crack deflection. A schematic illustrating the toughening 
mechanisms of epoxies with dispersed worm-like micelles was provided by Wu et al. 
[122] and is shown in Figure 2.19.  
 
Results similar to those reported by Wu et al. [122] have been reported by other 
researchers [28, 29, 34] supporting the proposition that the toughening mechanisms for 
epoxies with nanostructures may be similar to the toughening mechanisms for epoxies 
with micron-sized particles.     
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Figure 2.19. Schematic of fracture process related to worm-like micelle modified epoxies. ○ = sites where 
micelles bridge the crack surfaces, ● = nanoscale voids left on the fracture surfaces after fracture,  = 
worm-like micelles embedded in the matrix and = nanoscale voids connected to a micelle tail [122]. 
 
Recently, Declet-Perez et al. [117] raised the importance of the role of the 
epoxy/block copolymer interface (mixing region) and its contribution to the toughness 
improvement for block copolymer modified epoxies. These researchers compared the 
toughening performance of block copolymers which generated soft or rigid spherical 
micelles. They found that the block copolymer generating rigid spherical micelles can 
still significantly toughen epoxies, although not as effective as the block copolymer 
generating soft spherical micelles. Hence, these researchers proposed that the 
epoxy/block copolymer mixing region may cause local network disruption at the 
vicinity of the microphase separated spherical micelles. They speculated that the local 
network disruption surrounding the spherical micelles may enhance diffusion and 
localisation of the strain in this portion of the material, therefore triggering plastic 
deformation of the epoxy matrix and relieving the triaxial stress in a similar way to the 
cavitation mechanism. They also claimed that the presence of the rubber core in the 
spherical micelles may amplify the triggering mechanisms of the mixing region, and 
thus explain the higher fracture toughness measured from the epoxies with soft spherical 
micelles.   
 
Based on the literature review, it can be concluded that the toughening 
mechanisms responsible for the extraordinary toughness improvement for epoxies 
containing block copolymers are still not fully understood.  
 
 
(a) (b) (c)
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2.3.3 Toughening by hybrid bi-modal particles 
Using a combination of two or more types of toughening agents with different 
characteristics to modify epoxies, referred to as hybrid toughening, was reported to be 
able to improve the fracture toughness of the epoxies to a level that could not be 
achieved by using any of the constituent toughening agents alone [47, 57]. Historically, 
this approach was first adopted by Kinloch et al. [58-60, 66], who attempted to restore 
the loss of stiffness caused by the application of rubber-modification. Since then 
researchers have examined many combinations of soft micron- or nano- sized rubber 
particles and rigid inorganic micron- or nano- sized particles for hybrid toughening. The 
common soft particles used were various core shell particles [57, 62, 124] and liquid 
butadiene-acrylonitrile rubber [56, 58-61, 63-66, 125-127] with various terminated 
groups. In the case of rigid particles, glass beads (micron-sized silica particles) [58-61, 
63-66], silica nanoparticles [56, 124-128], nanoclays [129-131], zirconia particles [132], 
carbon nanotubes [133] and alumina nanoparticles [62, 134] were the common particles 
used in the literature for hybrid toughening.  
 
Synergistic and additive effects were often reported for these hybrid toughened 
epoxies, although a few studies reported finding of no or even a detrimental effect. 
However, the toughening mechanisms responsible for these synergetic and additive 
effects are still not fully understood. This is owing to the complexity of the morphology 
of the hybrid toughened ternary epoxies. Nevertheless, by using the combination of a 
soft organic rubber particle and a rigid inorganic filler, further fracture toughness 
enhancement in the epoxies can be obtained without sacrificing many desirable 
properties, e.g. yield stress and modulus.        
 
In order to establish the theoretical framework of the hybrid toughening chapter 
in this thesis, a brief review of hybrid bi-modal particle toughened epoxies with regard 
to the yield behaviour, fracture behaviour and toughening mechanisms is provided. The 
current review mainly focuses on the literature concerning hybrid bi-modal particle 
toughened epoxies using micron- and nano- sized silica particles as well as block 
copolymers as one of the toughening agents.  
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2.3.3.1 Yield behaviour of hybrid bi-modal particle modified epoxies 
In hybrid toughened epoxies, the introduction of rigid particle phase can compensate for 
the reduction of modulus and yield stress of the epoxies caused by the addition of a soft 
rubber phase. Kinloch et al. [60] were the first to explore the application of additional 
rigid particle phase to compensate the reduction of the modulus and yield stress in 
rubber particle modified epoxies. These researchers reported that the addition of rigid 
glass beads with a size of 50 μm in diameter can increase the modulus of the CTBN 
micron-sized particle modified epoxies to a level equal to or higher than the unmodified 
epoxies, see Figure 2.20. The yield stress of the CTBN modified epoxies in this study 
was also restored by the addition of surface treated glass beads, see Figure 2.21. 
 
Maazouz et al. [61] also studied the yield behaviour of hybrid toughened 
epoxies. Glass beads having a size of 26 μm in diameter and epoxy-terminated 
butadiene-acrylonitrile (ETBN) rubber were used as the rigid and soft toughening 
agents. They found that, by fixing the volume fraction of ETBN rubber in the epoxies, 
the modulus and yield stress of the hybrid toughened epoxies increased with the 
increasing volume fraction of the glass beads, while, by fixing the volume fraction of 
glass beads, the modulus and yield stress of the hybrid toughened epoxies decreased 
with the increasing volume fraction of the ETBN rubber. Their results indicated that 
there is a simple additional effect of the glass beads and the ETBN rubber on the 
modulus and yield stress of the epoxies. 
 
In the case of using nanometre sized toughening agents in hybrid toughened 
epoxies, the yield behaviour of the epoxies was similar to the epoxies toughened with 
hybrid micron-sized toughening agents. Masania [47] studied the yield behaviour of 
hybrid toughened epoxies using CTBN rubber and nanosilica particles about 20 nm in 
diameter. He reported that, by fixing the rubber content at 9 wt% in the epoxies, the 
modulus of the epoxies increased with the increasing content of the nanosilica particles, 
but the yield stress of the epoxies remained constant irrespective to the amount of the 
silica nanoparticle content. The constant of the yield stress for these epoxies may be due 
to the poor interfacial adhesion between the epoxy matrix and the silica nanoparticles, 
since debonding of the silica nanoparticles was widely observed. Another study 
conducted by Tsai et al. [124] also investigated the yield behaviour of hybrid toughened 
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epoxies using silica nanoparticles about 20 nm in diameter, and CTBN rubber particles 
about 175 nm in diameter or pre-formed CSR particles about 350 nm in diameter. These 
researchers reported that, by fixing the content of the CTBN rubber or pre-formed CSR 
rubber in the epoxies, the addition of silica nanoparticles restored the reduction of the 
modulus of the epoxies. 
 
Ocando et al. [134] studied the yield behaviour of hybrid toughened epoxies 
using alumina nanoparticles about 39 nm in diameter and polystyrene-b-polybutadiene-
b-polystyrene (SBS) epoxidised triblock copolymers. These researchers obtained 
materials with dispersed polystyrene (PS) spherical nano-micelles and alumina 
nanoparticles, which have similar sizes. They found that, by fixing the block copolymer 
content at 30 wt% in the epoxies, the modulus of the epoxies was restored by the 
addition of a small amount of alumina nanoparticles (1-3 wt%).    
 
By reviewing the literature, it is apparent that the yield behaviour of the hybrid 
bi-modal particle toughened epoxies is complex. Nevertheless, a general trend can be 
concluded, i.e. the adding of a rigid phase can usually compensate the reduction of the 
modulus and yield stress of the epoxies which is caused by the presence of the soft 
phase. Further researches will be needed to clearly elucidate the yield behaviour of these 
hybrid bi-modal particle toughened epoxies, especially for the case involving the use of 
nanometre sized toughening agents. 
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        (a)          (b) 
Figure 2.20. Variation of the modulus, E, with volume fraction of glass beads for hybrid toughened 
epoxies with 15 wt% CTBN rubber and glass beads, adopted from [60]. (a) glass beads with no surface 
treatment; (b) glass beads with silane surface treatment. 
 
 
Figure 2.21. Variation of the yield stress, σy, with volume fraction of glass beads for hybrid toughened 
epoxies modified with 15 wt% CTBN rubber and surface treated glass beads, adopted from [60]. 
 
2.3.3.2 Fracture behaviour of hybrid bi-modal particle modified epoxies 
Synergetic and additive toughening effects were often found using a combination of soft 
rubber particles and rigid inorganic particles to toughen epoxies, although a few studies 
reported finding no or even a detrimental effect. A number of studies in the literature 
have reported the fracture behaviour of these hybrid bi-modal particle modified epoxies. 
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Vallo et al. [63] investigated the fracture behaviour of hybrid bi-modal particle 
toughened epoxies using ETBN rubber and glass beads with an average size of 42 μm in 
diameter. By fixing the volume fraction of the glass beads at 25% in the epoxies, the 
addition of ETBN rubber further improved the fracture toughness of the epoxies with a 
significant synergetic effect upon the addition of 9 wt% ETBN rubber. 
 
Another study mentioning a synergetic effect in hybrid bi-modal particle 
toughened epoxies was conducted by Kinloch et al. [126], who investigated the effect of 
silica nanoparticles and CTBN rubber particles on the fracture toughness. Their results 
showed that the fracture toughness of the 9 wt% CTBN modified epoxies increased 
significantly with the increasing content of the silica nanoparticles. The increase 
followed an approximately linear trend. Synergetic effects were found in the hybrid bi-
modal particle toughened epoxies with almost all combinations of the two toughening 
agents.   
 
An additive effect in hybrid bi-modal particle toughened epoxies was reported 
by Liang and Pearson [127]. These researchers investigated the fracture behaviour of 
silica nano particles and CTBN rubber toughened hybrid ternary epoxies. The increase 
of the fracture toughness in the hybrid epoxies was approximately equal to the sum of 
the toughening contributions due to each type of the toughening agents alone, indicating 
an additive effect. 
 
In the case of hybrid bi-modal toughening involving a combination of rigid and 
soft toughening particles all in nanometre-size, the toughening effect was not clear. 
Liang [57] studied the fracture behaviour of hybrid toughened epoxies involving silica 
nanoparticles and nanometre-sized core-shell rubber (CSR) particles (about 40 nm in 
diameter). His results showed that the fracture toughness of the 10 wt% nanometre-
sized CSR particle modified epoxies was remained approximately constant upon the 
addition of the silica nanoparticles.  However, Ocando et al. [134] studied the fracture 
behaviour of hybrid toughened epoxies involving alumina nanoparticles and nanometre-
sized spherical PS micelles (from the addition of 30 wt% SBS triblock copolymers). 
These researchers reported a further improvement in the fracture toughness of the 30 
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wt% SBS triblock copolymer modified epoxies upon the addition of small amount of 
alumina nanoparticles (3 wt%). 
 
Based on the review of the literature, it can be concluded that the fracture 
toughness improvement from hybrid bi-modal toughening is still not clearly understood, 
especially in the case involving a combination of two or more types of toughening 
agents which all give nanometre-sized phases. Hence, more studies are needed to 
provide better understanding of the hybrid toughened epoxies.   
 
2.3.3.3 Toughening mechanisms of hybrid bi-modal particle modified 
epoxies 
The toughening mechanisms responsible for the fracture toughness enhancement in 
hybrid bi-modal particle toughened epoxies have been investigated by a number of 
researchers [47, 56-59, 61-66, 124, 126, 127]. It has been found that the toughening 
mechanisms in hybrid modified epoxies with micron-sized particles were different from 
those in hybrid modified epoxies with nanometre-sized particles. The difference was 
owing to the relation between the size of the particles and the size of the plastic 
deformation zone around the crack tip in the epoxies. 
 
In the case of hybrid bi-modal particle modified epoxies with micrometre-sized 
particles, Kinloch et al. [58, 59, 66] first proposed that the toughening mechanisms 
responsible for the fracture toughness enhancement were crack pinning by the micron-
sized glass beads as well as localised shear band yielding of the epoxy matrix initiated 
by the soft rubber particles, plus internal cavitation of the rubber particles and 
subsequent void growth. Later, Azimi et al. [64, 65] advanced Kinloch’s hypothesis to 
account for the synergistic effect in the hybrid modified epoxies, and proposed that the 
cavitation of the rubber particles also suppressed the debonding of the glass beads 
owing to the release of the tri-axial stress, and therefore further enhanced the crack 
pinning mechanism. In addition, Lee and Yee [135] indicated that the presence of the 
micron-sized glass beads may facilitate the rubber cavitation/matrix shear band yielding 
mechanism, since the plastic deformation zone around the crack tip was found to be 
larger in the hybrid glass bead-rubber toughened epoxies compared with the rubber 
toughened epoxies. 
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In the case of hybrid bi-modal particle toughened epoxies with nanometre-sized 
particles, Masania et al. [47, 56] proposed that the further enhanced fracture toughness 
and the synergistic effect was due to the interaction of the stress field between the 
particles from the different toughening agents. This hypothesis was based on their study 
of the toughening mechanisms of the hybrid CTBN rubber particles and silica 
nanoparticles modified epoxies. They observed that the size of the plastic deformation 
zone around the crack tip in the hybrid toughened epoxies was further increased 
compared with the rubber toughened epoxies. Similarly, Liang and Pearson [127] also 
proposed that the further toughness enhancement was due to the addition of silica 
nanoparticles enhancing the interaction between the rubber particles and the epoxy 
matrix, and therefore enhancing the matrix shear band yielding and matrix dilation.    
 
Based on the literature reviewed, the interaction of the different toughening 
agents in hybrid bi-modal particle toughened epoxies is a prerequisite for the further 
toughness enhancement. However, due to the complexity of the morphology, this 
interaction is still not fully understood, especially in the case involving nanometre-sized 
toughening agents.   
 
2.4 Fibre-reinforced polymer composites 
Fibre-reinforced polymers (FRPs) are composite materials consisting of long or short 
fibres embedded in a polymer matrix, with distinct interfaces between the fibres and the 
matrix [68]. FRP composites provide a combination of properties that cannot be 
obtained with either of the constituents acting alone [68]. The fibres normally possess 
high strength and modulus as well as relatively low density, and are the major load-
carrying components of the FRP composites. The common fibres employed are glass, 
carbon, and aramid fibres. The purpose of the polymer matrix in the FRP composites is: 
(1) to keep the fibres in the desired location and orientation, (2) to transfer stresses 
between the fibres, and (3) to provide protection to the fibres from environmental 
damage and mechanical degradation [68, 136]. 
 
Epoxies are one of the most important thermoset polymers used as matrix 
materials in fibre-reinforced polymer composites [68]. Epoxies have a number of 
advantages over other thermoset polymers, which are the wide variety of properties, no 
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volatiles released during cure, low cure shrinkage, excellent resistance to chemicals and 
solvents, and excellent adhesion to a wide variety of fibres [68]. FRP composites using 
epoxies as the matrix are normally used in aerospace applications [68]. 
 
2.4.1 Toughness of composites in matrix dominated fracture 
The toughness of the FRP composites is mainly contributed by the deformation of the 
composite matrix, the fracture of fibres, and the energy dissipation from interfacial 
debonding, interfacial frictional sliding and fibre pull-out [136]. In the present thesis, 
only the contribution of the toughness of the FRP composites from the deformation of 
the composite matrix was considered, because the aim is to investigate the toughening 
of the common matrix material of FRP composites, i.e. epoxies. The toughness of the 
matrix of the FRP composites is closely related to the interlaminar fracture toughness of 
the FRP composites. This is due to the laminated structure of the FRP composites which 
causes them to be susceptible to delamination failure initiated by pre-existing cracks or 
defects under loading [137].  
 
Bradley [138] studied the relationship between the thermoset polymer matrix 
toughness and the interlaminar toughness of FRP composites. He found that the 
translation of the bulk polymer toughness to the interlaminar toughness of the FRP 
composites was determined by the fracture toughness of the polymer matrix, the 
interfacial bonding strength between the matrix and the fibres and the volume fraction 
of the fibres in the FRP composites (i.e. the size of the polymer-rich region). He 
reported that the translation of the fracture toughness from the bulk thermoset polymers 
to the interlaminar fracture toughness of the FRP composites was most efficient for bulk 
thermoset polymers with fracture toughness less than 400 J/m2. The effectiveness of the 
translation of the bulk polymer fracture toughness into the interlaminar fracture 
toughness of the FRP composites is reduced when the fracture toughness of the bulk 
polymers is above 400 J/m2. This finding is illustrated in Figures 2.22 and 2.23 showing 
the Mode I interlaminar fracture energy of various FRP composites versus the fracture 
energy of the bulk toughened/untoughened thermoset polymers which were the 
corresponding matrix materials in the FRP composites.  
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Figure 2.22. Mode I interlaminar fracture energy GcIc of a variety of composites versus the respective bulk 
thermoset polymer fracture energy GIc for systems with bulk GIc < 800 J/m2, reproduced from [138]. 
 
 
Figure 2.23. Mode I interlaminar fracture energy GcIc of a variety of composites versus the respective 
bulk thermoset polymer fracture energy GIc for systems with bulk GIc ranging from 100 to 8000 J/m2, 
reproduced from [138]. 
 
Hunston and Dehl [139] studied the role of polymer toughness in matrix 
dominated FRP composite fracture. These researchers reported that polymer matrix 
materials with bulk GIc between 300 to 650 J/m2 may provide the optimum efficiency in 
the translation of the bulk fracture toughness to the interlaminar toughness of the 
composites. Below this range, improvements in the bulk polymer toughness should give 
significant improvements of the interlaminar toughness of the composites. Above this 
range, bulk GIc improvements provide relatively small gains in the interlaminar fracture 
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toughness. Their proposition was supported by fracture data for 35 different composites 
made from 25 different toughened or untoughened polymers [139], see Figure 2.24.  
 
 
   (a)            (b) 
Figure 2.24. Mode I interlaminar fracture energy GcIc of a variety of composites versus the respective bulk 
fracture energy GIc.  The curve indicates the general trend in the data. Samples are brittle epoxies (Δ), a 
novalac epoxy (○), toughened epoxies (◊), a toughened novalac epoxy (●), toughened bismaleimide (ൈ), 
experimental resins (□), amorphous thermoplastics (+) and a crosslinkable thermoplastic epoxy (▲) 
[139]. Figure (b) is the expanded view of low fracture energy region of Figure (a) [139]. The straight line 
in Figure (b) has slope of 1. 
 
Scott and Phillips [140] studied the fracture toughness translation of rubber 
modified epoxies to their corresponding carbon fibre reinforced composites. Their 
results showed that the significant improvement of fracture toughness in bulk epoxies 
achieved by the addition of various telechelic rubbers was not translated into the 
composites, instead only a modest increase of the interlaminar fracture toughness was 
recorded.  The poor translation of the bulk toughness to the corresponding composites 
was attributed to the constraint imposed by the fibres.  
 
Compston et al. [137] studied the transfer of matrix toughness to composite 
Mode I interlaminar fracture toughness in continuous glass fibre reinforced polymer 
composites using toughened/untoughened vinyl ester as the matrix materials. The GIc of 
the bulk unmodified vinyl ester was fully transferred to the Mode I crack initiation 
interlaminar fracture energy, GcIc-int, of the corresponding composites. However, the GIc 
of the bulk vinyl ester toughened with various rubber toughening agents only partially 
transferred to the GcIc-int of the corresponding composites. They attributed the partial 
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transfer of the fracture toughness in composites with the rubber toughened vinyl ester 
matrix to the suppression of the development of the matrix plastic deformation zone by 
the presence of the fibres. These researchers also measured a higher steady-state crack 
propagation interlaminar fracture energy, GcIc-prop, in the composites with tougher 
rubber modified vinyl esters compared to those with unmodified vinyl esters.  Hence, 
they proposed that using tougher matrix materials with a larger plastic deformation zone 
size may enhance fibre related toughening mechanisms in fibre reinforced composites, 
such as fibre bridging.  
 
In contrast to the studies mentioned above, Hsieh et al. [56] reported full fracture 
toughness transfer from the micron-sized rubber particle and/or silica nanoparticle 
hybrid modified bulk epoxy to the Mode I interlaminar fracture energy, GcIc, of their 
corresponding continuous carbon fibre reinforced composites. These researchers did not 
provide an explanation for the excellent fracture energy transfer. 
 
Consequently, the relationship of matrix toughness to interlaminar fracture 
toughness of continuous fibre reinforced polymer composites is still not fully 
understood, especially for the recent development of tough nano-modified resins. 
Further investigation is needed to provide a better understanding of the toughness 
transfer from the modified polymer matrix to the corresponding composites. 
 
2.4.2 Mechanisms of composites in matrix dominated fracture 
The presence of the fibres in continuous fibre reinforced polymer composites 
significantly changes the fracture properties of the matrix materials [136, 141]. This 
section provides a brief review of the mechanisms affecting the interlaminar fracture 
toughness of such polymer composites. 
 
Hull [136] stated that the fibres may change the deformation behaviour of the 
matrix during the fracture process. This is due to the increased constraint caused by the 
presence of the fibres. He reported that this increased constraint may promote triaxial 
stress states by inhibition of the lateral contraction of the matrix material during 
deformation. The surrounding fibres may cause transverse tensile stresses, and therefore 
reduce the deviatoric component of the matrix stress state [136]. 
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Bradley [138] studied the micromechanisms of Mode I delamination of carbon 
fibre reinforced polymer composites. He reported that the fibres suppressed the full 
development of the plastic deformation zone of the matrix. He claimed that the fibres 
may act like rigid fillers in the plastic deformation zone and effectively minimise the 
load redistribution ahead of the crack tip that would otherwise occur if the fibres were 
absent. Furthermore, he observed that matrix-fibre interfacial debonding generally 
occurred in the composite samples that he tested. This shows that matrix-fibre 
interfacial failure may limit the deformation of the matrix, and hence there is a lower 
toughness transfer from the matrix GIc to the composite interlaminar fracture energy.  
 
 Huang and Hull [142] investigated the effect of fibres on the interlaminar 
fracture toughness, GcIc, of a unidirectional glass fibre reinforced epoxy. They found 
that fibre bridging, which is the phenomenon of unbroken fibres spanning and 
connecting the open fracture surfaces behind the crack tip, becomes significant on the 
GcIc for crack growth greater than 5 mm from the pre-crack. Furthermore, they 
demonstrated successfully that the GcIc values are approximately constant and 
independent of the crack length after removing the fibre bridging effect by a stress 
corrosion treatment, and these GcIc values are close to the GcIc-int related to crack 
initiation after the pre-crack. Hence, their results proved that the measurement of the 
continuous increase of the GcIc during crack propagation parallel to the fibres in FRP 
composites using the double cantilever beam test is due to the formation of the fibre-
bridged zone behind the crack tip.  
 
2.5 Summary 
The review of the literature in this chapter has provided a general understanding of 
epoxies and epoxy toughening. The chemistry and mechanical properties of unmodified 
epoxies were described. The mechanical properties and the toughening mechanisms of 
epoxies modified with elastomeric particles; block copolymers; and hybrid bi-modal 
particles were reviewed and commented. Furthermore, the transfer of the toughness 
from the matrix materials to the continuous fibre reinforced polymer composites, and 
the effect of the matrix modification to the interfacial properties of the matrix and the 
fibres in the composites were discussed. 
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Hence, the current chapter provides a basis for the work in this thesis, and shows 
the link between this work and the development of the field. The next chapter will 
describe the materials and experimental methods employed for the study in this thesis. 
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Chapter 3 
Materials and Experimental Methods 
 
3.1 Introduction 
The aim of this chapter is to give information about the materials used, and to describe 
the experimental methods that were followed to obtain the material properties and the 
various microscopic images. This chapter is divided into five sections. The first section 
gives information about the toughening agents and the epoxy systems employed. The 
second section explains the manufacturing processes for the unmodified/modified bulk 
epoxies and the fibre reinforced composites. The third and the fourth sections detail the 
mechanical tests that were used to characterise the properties of the bulk epoxies and the 
fibre reinforced composites respectively. The last section is devoted to a summary of the 
microscopy techniques that were used. 
 
3.2 Materials 
3.2.1 Pre-formed core shell particles 
The pre-formed core-shell rubber (CSR) particles used in the present study have a 
polysiloxane (silicone rubber) based soft core and a polyvinyl based glassy shell 
containing reactive groups, which is shown schematically in Figure 3.1. They were 
supplied by Evonik Hanse (Germany) as “Albidur EP2240 A” (EP). These EP-CSR 
particles were designed to have a diameter of 0.1-3 μm, and were supplied as a master-
batch of particles pre-dispersed at 40 wt% (percentage by weight) in a DGEBA epoxy 
resin with an epoxy equivalent weight (EEW) of 300 g/eq. The silicone rubber cores of 
the EP-CSR particles have a Tg of about -118 °C from the dynamic thermal mechanical 
analysis (DMTA) results. To vary the particle content, the EP-CSR particles modified 
resin was mixed with another DGEBA resin to give the required concentration of the 
EP-CSR particles. Epoxy blends with up to 20 wt% of the EP-CSR particles were used. 
It should be noted that only bulk plates of the EP-CSR particle modified epoxies cured 
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with an accelerated methylhexahydrophthalic acid anhydride (Albidur HE600, Evonik 
Hanse, Germany) were prepared. The plates were supplied ready-made directly from 
Evonik Hanse, Germany. 
 
Figure 3.1. Schematic picture of the polysiloxane based core shell particle [143]. 
 
Table 3.1. Composition and properties of the EP-CSR particles [21].  
Type Core material Core diamter 
(nm) 
Shell material Shell diameter (nm)  wt. % in mater resin EEW (g/eq)
EP Poly(siloxane) 60-700 Polyvinyl 20-40 40 300 
 
3.2.2 Block copolymer 
Three different poly(methyl methacrylate)-b-poly(butyl acrylate)-b-poly(methyl 
methacrylate) (MAM) block copolymers (M22N, M52, and M52N) supplied as powders 
by Arkema, France, were used as toughening agents. They are a family of self-
assembling block copolymers, which are constituted of three blocks of linear chains 
covalently bonded to each other [144]. These MAM block copolymers have a centre 
epoxy immiscible poly(butyl acrylate) (PbuA) block and two epoxy miscible side 
blocks of PMMA, as shown schematically in Figure 3.2. Due to the repulsive 
interactions between these three blocks, the MAM block copolymers can self-organise 
at the nanometre scale to form organised nanostructure. 
 
The molecular weight and the soft-phase content of the M52 and M52N are 
similar, both being categorised as ‘medium’ in the Arkema datasheet [144]. The suffix 
N indicates that the MAM incorporates dimethylacrylamide (DMA) functional groups 
into the poly(methyl methacrylate) (PMMA) blocks to increase the compatibility of the 
miscible block with more polar curing agents [111, 144]. The M22N has a higher 
molecular weight, and a slightly lower PbuA soft block fraction content, than the M52 
and M52N. The M22N is also described as being more polar than the M52N [144]. The 
93 
 
molecular weight, polarity, soft block content of the MAM block copolymers were 
given in Table 3.2 (reproduced from the Arkema technical data sheet [144]). 
 
 
Regular MAM block copolymer: poly(methyl methacrylate)-b-poly(butyl acrylate)-b-poly(methyl methacrylate) 
 
Functional MAM block copolymer: poly(methyl methacrylate-co-dimethylacrylamide)-b-poly(butyl acrylate)-b-poly(methyl 
methacrylate-co-dimethylacrylamide) 
Figure 3.2. Schematic picture of the molecular structure of MAM block copolymers. The blue dots on the 
molecular chain of the PMMA block indicate the dimethylacrylamide functional groups [144].  
 
Table 3.2. Molecular weight, polarity and soft block content of the various MAM block copolymers 
[144]. 
Type Soft centre block Rigid side block Molecular 
weight 
Polarity Soft block 
content 
M52 Poly(butyl acrylate) Poly(methyl methacrylate) Medium Standard Medium 
M52N Poly(butyl acrylate) Poly(methyl methacrylate-co-
dimethylacrylamide) 
Medium + Medium 
M22N Poly(butyl acrylate) Poly(methyl methacrylate-co-
dimethylacrylamide) 
Meidum-high ++ Low-medium 
 
3.2.3 Silica nanoparticles 
Spherical amorphous silica particles with a mean diameter of about 20 nm were 
employed in the present study as a rigid filler for toughening the epoxy. The silica 
nanoparticles were supplied as a master-batch at a concentration of 40 wt% in a 
DGEBA epoxy resin (EEW = 295 g/eq) as “Nanopox F400” by Evonik Hanse 
(Germany). These silica nanoparticles have a narrow diameter distribution, of between 
5-35 nm, as characterised using small angle neutron scattering (SANS), see Figure 3.3. 
They are synthesised from aqueous sodium silicate solution in situ using a sol-gel 
technique [145]. A good dispersion of the silica nanoparticles is attained by the 
manufacturers using a silane surface treatment and matrix exchange technique, as 
illustrated schematically in Figure 3.3 [145]. It was reported that the good dispersion 
maintains unchanged under normal processing conditions [145].  
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Figure 3.3. The particle number density versus the particle diameter for silica nanoparticles employed in 
the present study [145].  
 
 
Figure 3.4. Schematic illustration of the manufacturing process of silica nanoparticle colloidal sol [47]. 
 
3.2.4 Anhydride cured epoxy 
The anhydride cured DGEBA epoxy system (DA) employed in the present study results 
an epoxy with intermediate crosslink density. The epoxy resin was a standard DGEBA 
(Araldite LY556) with an epoxy equivalent weight (EEW) of 185 g/eq, supplied by 
Huntsman (UK) as a viscous liquid at room temperature. The curing agent was an 
accelerated methylhexahydrophthalic acid anhydride (Albidur HE600) with an 
anhydride equivalent weight (AEW) of 170 g/eq, supplied by Evonik Hanse (Germany) 
as a low viscosity liquid at room temperature. This epoxy system was used to produce 
bulk epoxy plates and as the polymer matrix for fibre reinforced composites. To prepare 
the various modified epoxies, the base epoxy resin was pre-mixed with the 
aforementioned toughening agents (i.e. CSR particles, block copolymers, silica 
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nanoparticles and block copolymer-silica nanoparticle hybrids) as described below 
before a stoichiometric amount of the anhydride curing agent was added.  
 
Two curing schedules were employed for this epoxy system. The first was to 
cure the resin mixture at 120 °C for 60 minutes, followed by a post-cure of 120 minutes 
at 160 °C. This curing schedule was adopted from the technical data sheet [146] of the 
anhydride curing agent and employed to prepare bulk plates for the study of EP-CSR 
particle toughening. The second curing schedule was to cure the resin mixture at 90 °C 
for 60 minutes followed by a post-cure of 120 minutes at 160 °C. The second curing 
schedule was adopted from literature [37, 39, 56] and employed to prepare bulk plates 
and fibre reinforced composites for the study of block copolymer and hybrid block 
copolymer-silica nanoparticles toughening. Typical temperature versus time data, 
recorded using thermocouples placed within the epoxy resin mixture and the oven, for 
the whole curing schedules are presented in Figure 3.5. 
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(a) 
 
(b) 
Figure 3.5. Epoxy and oven temperatures during the curing cycle of the anhydride cured DGEBA system. 
(a) 120 °C for 60 minutes and 160 °C for 120 minutes; (b) 90 °C for 60 minutes and 160 °C for 120 
minutes. 
  
3.2.5 Aromatic amine cured epoxy 
The aromatic amine cured DGEBA epoxy system (DM) used in the present study gives 
a highly cross-linked epoxy with a relatively high Tg. The same epoxy resin, Araldite 
LY556, was used in this system as the base epoxy resin. The curing agent was an 
aromatic amine, 4,4’-methylenebis-(3-chloro 2,6-diethylaniline) (MCDEA), with an 
amine equivalent weight (AEW) of 190 g/eq, supplied by Lonza, Switzerland. Bulk 
epoxy plates and epoxy based fibre reinforced composites were also produced using the 
MCDEA-DGEBA epoxy system. The modified epoxies were prepared by blending the 
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base epoxy resin with the corresponding type and amount of toughening agent as 
described below before a stoichiometric amount of the MCDEA curing agent was 
added.  It should be noted that only block copolymers and silica nanoparticles were used 
as toughening agents for the MCDEA-DGEBA epoxy system. 
 
The MCDEA was supplied in powder form, so it was melted at 120 °C for 120 
minutes before mixing with the liquid DGEBA epoxy resin. The curing schedule 
employed for the MCDEA-DGEBA epoxy system was 240 minutes at 130 °C followed 
by another 240 minutes at 160 °C and 190 °C for post curing. This curing schedule is 
adopted from the technical data sheet [147] of the MCDEA curing agent. Typical 
temperature versus time data, recorded using thermocouples placed within the epoxy 
resin mixture and the oven, for the whole curing schedule are shown in Figure 3.6. 
 
 
Figure 3.6. Epoxy and oven temperatures during the curing cycle of the MCDEA cured DGEBA system. 
 
3.3 Manufacturing of bulk epoxy samples and fibre 
reinforced composites  
This section outlines the methods employed to produce the bulk and fibre reinforced 
composite samples. 
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3.3.1 Manufacturing procedure of bulk epoxies 
3.3.1.1 Pre-formed core shell rubber particle/silica nanoparticle modified 
bulk epoxies 
The bulk samples were prepared by gently mixing the DGEBA epoxy resin with the 
relevant amount of another DGEBA resin containing CSR particles or silica 
nanoparticles at 40 °C using a mechanical overhead stirrer (Heidolph RZR 2012) with a 
R39 pitched blade impeller for 15 minutes. Mixing at elevated temperature was used to 
minimise the aeration of the resin mixture. After mixing, the resin mixture was put into 
a vacuum oven and degassed at 90 °C and -1 atm for at least 15 minutes until the 
mixture was free of bubbles. A stoichiometric amount of curing agent was then added, 
and stirred thoroughly for 15 minutes. Subsequently, the resin mixture was degassed 
again at -1 atm and 70 °C for the anhydride cured DGEBA or 120 °C for the MCDEA 
cured DGEBA for 30 minutes. Immediately after degassing, the mixture was carefully 
poured into release-agent (Frekote 770-NC, Henkel, UK) coated steel gravity moulds to 
produce plates of bulk epoxies from which specimens for testing could be machined. 
The steel gravity moulds were formed in picture frame arrangement and were clamped 
shut by using at least four G-clamps. Two mould thicknesses were used, which are 3 
mm and 6 mm. The curing schedule was dependent on the curing agents employed, as 
mentioned in Section 3.2. 
 
3.3.1.2 Block copolymer or hybrid block copolymer-silica nanoparticle 
modified bulk epoxies 
The manufacturing of block copolymer and hybrid block copolymer-silica nanoparticle 
modified bulk epoxies was slightly more difficult, because the block copolymers were 
supplied as powders. The resin mixture containing block copolymers or block 
copolymers-silica nanoparticles was prepared by gently mixing the DGEBA epoxy resin 
with the relevant amount of the MAM powders, or the MAM powders and the DGEBA 
resin containing silica nanoparticles, by hand using a spatula at room temperature for 
approximately 5 minutes to avoid agglomeration of the MAM. After the manual mixing, 
the resin mixture was stirred using a mechanical overhead stirrer (Heidolph RZR 2012) 
with a R39 pitched blade impeller at 120 °C for at least 60 minutes to ensure all the 
MAM powder was fully dissolved in the epoxy resin. Subsequently, the resin mixture 
was put into a vacuum oven and degassed at 90 °C and -1 atm for at least 30 minutes 
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until the mixture was free of bubbles. A stoichiometric amount of the anhydride or the 
MCDEA curing agent was then added. The mixture was stirred thoroughly for 15 
minutes at room temperature for the anhydride or 120 °C for the MCDEA. The resin 
mixture was then degassed again at 70 °C for the anhydride or 120 °C for the MCDEA 
and -1 atm for 30 minutes. Immediately after degassing, the mixture was carefully 
poured into release-agent (Frekote 770-NC, Henkel, UK) coated steel gravity moulds to 
produce plates of bulk epoxies from which specimens for testing could be machined. 
The steel gravity moulds were formed in picture frame arrangement and were clamped 
shut by using at least four G-clamps. Two mould thicknesses were used, which are 3 
mm and 6 mm. The curing schedule was dependent on the curing agents employed, as 
described in Section 3.2. 
 
3.3.2 Manufacturing of continuous fibre reinforced 
composites 
Continuous fibre reinforced composite samples were produced using resin infusion 
under flexible tooling (RIFT). The process uses a flexible polymeric film and an open 
mould with a vacuum to form composite pieces [148]. RIFT was employed because it is 
considered to be a relatively clean and economic method, which produces composite 
samples with a high fibre volume fraction and consistent properties [148].  
 
Carbon-fibre reinforced polymer (CFRP) composites with unmodified or block 
copolymer modified epoxy matrices were manufactured. The CFRP-composites were 
quasi-isotropic laminates with a nominal size of 330 x 330 x 5 mm3. They were 
constructed using 16 plies of a biaxial stitched non-crimp carbon-fibre fabric, “XC 
305”, supplied by Gurit, UK. The carbon fibre fabrics were arranged in a balanced 
symmetric sequence, i.e. [+/-45°, 90°/0°, +/-45°, 90°/0°]s, in the CFRP-composites to 
provide a “0°/0°” interface across the fracture plane for double cantilever beam (DCB) 
tests [47]. A starter crack was created by inserting a 12.5 μm thick 
polytetrafluoroethylene (PTFE) film at the mid-plane of the CFRP-composites, 
perpendicular to the 0° orientated fibres. 
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Using the RIFT method, CFRP-composites were produced as follows. Firstly, 
the temperature-controlled hot plate (HP 1836 with a RS digital thermostat, Wenesco, 
US), which also used as the base of the mould, was prepared and cleaned. A sheet of 
polyimide film was placed on the hot plate and secured with PTFE adhesive tape. The 
film was used to maintain the cleanness of the hot plate. Subsequently, vacuum bag 
sealant tape was applied around the edge of the polyimide film to build an enclosed area 
for infusion. Fluorinated ethylene propylene (FEP) tubes were then placed at either end 
of the polyimide film to establish the inlet and outlet of the mould. These tubes were 
secured using the vacuum bag sealant tape. After, an infusion stack was carefully built 
on top of the polyimide film in a sequence from the bottom flow media to the top 
vacuum bag as shown in Figure 3.7.  Hence, after sealing the vacuum bag and the 
polyimide film firmly using the vacuum bag sealant tape, a closed mould with inlet and 
outlet was obtained. The consumables used for RIFT were obtained from Aerovac, UK. 
 
 
Figure 3.7. Schematic diagram of the infusion stack and the configuration of the RIFT process, adapted 
from [47]. 
 
A stable vacuum was then applied to the mould by shutting the inlet and 
connecting a vacuum pump to the outlet. As long as a vacuum was achieved in the 
mould, unmodified/modified epoxy resin was infused from the inlet by placing the inlet 
tube into the beaker containing the resin. Pumping was not stopped until the resin was 
observed to progress to the outlet tube. Before shutting down the vacuum pump, both 
the inlet and outlet tubes of the mould were shut tightly to ensure the mould was left 
under vacuum.  
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Immediately after the resin infusion was finished, the mould was fully covered 
with insulation to prevent heat loss and to minimise the thermal gradient through the 
thickness of the composite laminate. Steel pressure plates were soon placed on top to 
maintain intimate contact between the insulation and the mould. At the end, the same 
curing procedure as the bulk epoxy samples was applied to the CFRP-composite 
laminates using the hot plate.  
 
The CFRP-composite laminates manufactured for the present study were 
inspected using ultrasonic C-scan to ensure free of internal defect. The surface finish of 
the CFRP-composite laminates was inspected visually.   
  
3.4 Thermal and mechanical tests for bulk polymers 
3.4.1 Dynamic mechanical thermal analysis 
Dynamic mechanical thermal analysis (DMTA) was performed using a Q800 DMTA 
machine from TA Instruments, UK, in double cantilever mode at a fixed frequency of 1 
Hz. The tests were conducted over a temperature range from -145/-100 to 200 °C or -
100 to 220 °C (depending on the toughening agents and curing agents) with a heating 
rate of 4 °C/min. The specimens used for DMTA had dimensions of 60 x 10 x 3 mm3. 
These specimens were subjected to a sinusoidal strain amplitude of 0.05% during 
testing. The values of the dynamic storage modulus, E’, and tan δ were recorded. The 
glass transition temperature, Tg, of the bulk epoxy samples was determined at the peak 
value of tan δ. The number average molecular weight between cross-links, Mnc, was 
calculated from the equilibrium modulus, Er, in the rubbery region using  
ܯ௡௖ ൌ ݍߩܴܶ/ܧ௥       (3.1) 
where T is the temperature (K) at which the value of Er was taken, ρ is the density of the 
epoxy at temperature T, R is the universal gas constant, and q is the front factor. A value 
of q = 0.725 was used to obtain reasonable results, after [5, 149], due to the density of 
the epoxy was only measured at room temperature (20 °C) in the present study. The 
density of the epoxy samples was measured using an immersion method according to 
BS ISO 1183-1 method A [150]. 
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3.4.2 Uniaxial tensile tests 
Uniaxial tensile tests were conducted in accordance with the BS ISO 527 standard [151, 
152], using an Instron 5584 universal testing machine. Dumbbell specimens of type 
1BA (see Figure 3.8) with a gauge length of 25 mm were machined from the bulk epoxy 
plates. The tests were performed at a constant displacement rate of 1 mm/min and a test 
temperature of 20 °C. The displacement over the gauge length of the specimens was 
accurately measured using an Instron 2620-601 dynamic extensometer. The maximum 
tensile stress for each sample was recorded, and the elastic modulus, E, was calculated 
between strains of 0.0005 - 0.0025. At least five samples were tested for each 
formulation as required in the standard [151].  
 
 
Figure 3.8. The type 1BA geometry for the tensile test specimens. All the dimensions are in millimetres. 
 
3.4.3 Plane strain compression tests 
Plane strain compression (PSC) tests were performed after Williams and Ford [153], on 
bulk epoxies to obtain the yield stress and the high strain behaviour. Neither of these 
values could usually be obtained from tensile tests because of the brittleness of the 
epoxies employed. The tests were performed using an Instron 5585H universal testing 
machine at a constant displacement rate of 0.1 mm/min, to approximately match the 
strain rate from the tensile tests. They were conducted over a range of temperature from 
-109 °C to 20 °C for the EP-CSR particle modified epoxies and at 20 °C for the epoxies 
modified with other toughening agents. Specimens with a size of 40 x 40 x 3 mm3 were 
used and loaded in compression between two parallel 12 mm wide dies. All the 
specimens were placed carefully on the dies, using a set square to ensure the specimen 
edges were perpendicular to the compression dies. A minimum of two specimens were 
tested for each epoxy formulation to ensure repeatable results were obtained.  
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The results of the PSC tests were corrected by subtracting the machine and rig 
displacements. The machine and rig displacements were obtained by performing PSC 
test without putting specimen between the compression dies. Based on the von Mises 
criteria, the compressive true stress, σc, was calculated using:  
 ߪ௖ ൌ ቀ√ଷଶ ቁ ߪ௖௘        (3.2) 
where σce is the engineering compressive stress. The compressive true strain, εc, was 
calculated using:  
 ߝ௖ ൌ ቀ ଶ√ଷቁ ln ቀ
஻೎
஻ ቁ       (3.3) 
where Bc is the compressed thickness and B is the initial thickness [47]. The 
compressive elastic modulus, Ec, was calculated from the initial linear region of the true 
stress-true strain curve. The compressive yield stress was determined as the first point 
on the true stress-true stain curve with zero gradient, or the point of the intersection of 
two tangent lines on the true stress-true strain curve when a load drop was not observed 
[78]. The relationship between the values of compressive yield stress, σyc, and the 
tensile yield stress, σyt, was reported by Huang and Kinloch [97] as 
ߪ௬௖ ൌ ߪ௬௧ ൫ଷ
భ/మାఓ೘൯
൫ଷభ/మିఓ೘൯       (3.4) 
where μm is the coefficient of increase of shear yield stress with hydrostatic pressure, 
which was taken as 0.2 after Sultan and McGarry [8].  
 
3.4.4 Single-edge notch three-point bending tests 
The single-edge notch three-point bending (SENB) tests were conducted in accordance 
with the BS ISO 13586 standard [154]. An Instron 3369 universal testing machine 
equipped with an Instron 2620-601 dynamic extensometer was used to measure the 
Mode I critical stress intensity factor, KIc, and the Mode I plane strain fracture energy, 
GIc, of the bulk epoxies. The tests were conducted over a temperature range from -109 
°C to 20 °C for the EP-CSR particle modified epoxies, and at 20 °C for the epoxies 
modified with other toughening agents.  A constant displacement rate of 1 mm/min was 
used. The size and the geometry of the specimens used are given in Figure 3.9. The 
specimens were machined from the bulk epoxy plates, and the pre-cracks were 
produced by tapping a liquid nitrogen chilled razor blade into the notch. The lengths of 
the pre-cracks were measured using a Nikon SMZ800 stereo microscope after the 
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specimens were tested. All the specimens failed by unstable crack growth, and the 
Mode I critical stress intensity factor, KIc, was calculated using: 
 ܭூ௖ ൌ ௉஻ௐభ/మ ݂ሺܽ/ܹሻ       (3.5) 
where P is the critical load, B is the sample thickness, W is the specimen width, a is the 
average pre-crack length, and f(a/W) is the non-dimensional shape factor [154]. The 
Mode I plane strain fracture energy was calculated from KIc using [154]: 
 ܩூ௖ ൌ ௄಺೎
మ
ா ሺ1 െ ݒଶሻ       (3.6) 
where v is the Poisson’s ratio. A value of v = 0.35 was used, as is typical for epoxies 
[155]. 
 
 
Figure 3.9. The size and geometry of the SENB specimens. All the dimensions are in millimetres. 
 
3.4.5 Double-notched four-point bending tests 
Double-notched four-point bending (DN-4PB) tests were conducted to investigate the 
plastic deformation zone ahead of the sub-critically loaded crack tip, after Sue and Yee 
[156]. This method allows the contribution and the sequence of the toughening 
mechanisms to be studied. The principle of the DN-4PB test is to create two nearly 
identical cracks on the same edge of a rectangular beam and to load the beam in four-
point bending with the cracks located on the tensile side [156], see Figure 3.10. As load 
is applied, one of the two cracks will propagate unstably, but leaving the other sub-
critically loaded with a fully developed plastic deformation zone at the crack tip. This is 
because the two cracks created on the beam cannot be identical, and a larger stress 
concentration must result in one of the two cracks due to the fact that the two cracks 
experience identical stresses upon loading. An image showing the nearly identical stress 
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field at the crack tips of a DN-4PB specimen loaded in four-point bending is shown in 
Figure 3.10. 
 
 
Figure 3.10. Cross-polarised light optical image of an epoxy DN-4PB specimen loaded in four-point 
bending (a) before applying a load and (b) imminent fracture in one of the cracks (noted as the right 
crack) [47].  
 
The size and geometry of the DN-4PB specimens are shown in Figure 3.11. An 
Instron 3369 universal testing machine was used to load the DN-4PB specimens in four-
point bending. The DN-4PB tests were conducted at a constant displacement rate of 1 
mm/min and a test temperature of 20 °C. Care was taken to ensure that the four loading 
points contacted the specimens simultaneously in the tests. The specimens were 
machined from the bulk epoxy plates, and the pre-cracks were produced by tapping a 
liquid nitrogen chilled razor blade into the notches. After fracture occurred from one 
pre-crack, the plastic zone at the tip of the other, sub-critically loaded, crack was 
examined using optical microscopy.  
 
 
Figure 3.11. The size and geometry of the DN-4PB specimens. All the dimensions are in millimetres. 
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3.5 Mechanical tests for continuous fibre reinforced 
composites 
3.5.1 Flexural tests 
Flexural tests were conducted in accordance with the BS ISO 14125 standard [157] to 
determine the flexural modulus, EcF, and flexural strength, σcs, of the 
unmodified/modified CFRP-composites in three-point bending, using a support span of 
200 mm. The tests were performed using an Instron 3366 universal testing machine at 
20 °C. The specimens for the flexural tests are a rectangular beam with a size of 250 x 
15 x 5 mm3. At least five specimens were tested for each formulation as required in the 
standard [157]. All the specimens were loaded until fracture at a constant displacement 
rate of 2 mm/min. The load-displacement data were recorded, and the EcF of the CFRP-
composites was calculated by 
ܧ௖ி ൌ ௌ
య௠
ସௐ஻య        (3.7) 
where W is the width of the beam, B is the thickness of the beam, S is the support span 
and m is the gradient of the load-deflection curve.  
 
3.5.2 Mode I interlaminar fracture tests 
The Mode I interlaminar fracture energy, GcIc, of the CFRP-composites was measured 
using the double cantilever beam (DCB) test in accordance with the BS ISO 15024 
standard [158]. The principle of the DCB test is to pull the composite specimens apart 
by applying opening forces at one end of the specimens with a pre-crack at the mid-
plane of that end. The DCB specimens consist of a rectangular beam bonded with two 
aluminium loading blocks at one end, as shown in Figure 3.12. The pre-crack at the 
mid-plane of the DCB specimens was introduced using a 60 mm PTFE insert with a 
thickness of 12.5 μm. All the DCB specimens were loaded twice. The initial loading 
was done to pre-crack the DCB specimens, then unloading after the first 5-10 mm 
increment of the crack growth [158]. The specimens were reloaded until the crack 
progressed to about 80% of the length of the DCB specimens. Opening forces were 
applied directly to the DCB specimens via the loading blocks using an Instron 3366 
universal testing machine at 20 °C. In each loading, a constant displacement rate of 1 
mm/min was used, and the unloading was done at a constant displacement rate of 5 
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mm/min. Real-time load and opening displacement data, plus the crack length were 
recorded for the GcIc calculation. At least five DCB specimens were tested for each 
formulation as required in the standard [158]. 
 
 
Figure 3.12. Geometry of the DCB specimen with a starter crack (delamination). Typical dimensions used 
for the DCB specimens are: a0 = 35-45 mm, W = 20 mm, B = 5 mm, l = 150 mm, l1 = 9 mm, l2 = 10 mm, 
l3 = 20 mm and l4 = 13 mm [158]. 
 
The Mode I interlaminar fracture energy, GcIc, was calculated using the 
corrected beam theory (CBT) approach. The value of GcIc is given by: 
ܩூ௖௖ ൌ ଷ௉ఋଶௐሺ௔ା|∆|ሻ ൈ
ி
ே       (3.8) 
where P is the load, δ is the opening displacement, W is the width of the beam, a is the 
total crack length (total delamination length), F is the large displacement correction, N 
is the loading block correction and ∆ is the crack length correction for end rotation and 
deflection of the crack tip [159]. The large displacement correction, F, and the loading 
block correction, N, were calculated using: 
ܨ ൌ 1 െ ଷଵ଴ ቀ
ఋ
ఈቁ
ଶ െ ଶଷ ቀ
ఋ௟భ
௔మ ቁ      (3.9) 
ܰ ൌ 1 െ ቀ௟మ௔ቁ
ଷ െ ଽ଼ ൤1 െ ቀ
௟మ
௔ቁ
ଶ൨ ఋ௟భ௔మ െ
ଽ
ଷହ ቀ
ఋ
௔ቁ
ଶ
    (3.10) 
where l1 is the distance from the centre of the loading block to the mid-plane of the 
beam, and l2 is the distance from the centre of the loading block to the edge parallel to 
the end of the DCB specimen (see Figure 3.12). The crack length correction factor, |∆|, 
may be determined experimentally by generating a plot of the cube root of the 
normalised compliance (C/N)1/3 as a function of the crack length for the reloading data.  
The value of |∆| was obtained as the x-intercept from the extrapolation of a linear fit 
through the data in the plot, see Figure 3.13.   
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Figure 3.13. Linear fit used to determine the crack length correction factor, |∆| [158]. (Note that the visual 
point (VIS) may be excluded from the linear regression analysis.) 
 
In addition to the CBT method, the compliance calibration (CC) method was 
also employed to verify the validity of the DCB results. According to the CC method, 
the value of GcIc is calculated by 
ܩூ௖௖ ൌ ௡೗೙௉ఋଶௐ௔ ൈ
ி
ே       (3.11) 
where nln is the slope of the linear fit of a plot of the logarithm of the normalised 
compliance, C/N, versus the logarithm of the crack length, a, as shown in Figure 3.14.  
 
 
Figure 3.14. Linear fit used to determine the slope n for the compliance calibration method [160]. (Note 
that the visual point (VIS) may be excluded from the linear regression analysis.) 
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3.6 Microscopy studies 
3.6.1 Atomic force microscopy 
Atomic force microscopy (AFM) was performed in tapping mode, using a MultiMode 
scanning probe microscope from Bruker equipped with a NanoScope IV controller and 
an ‘E’ scanner, to obtain the polymer morphology. AFM was employed because high 
resolution images of the morphology of the unmodified/modified epoxy samples can be 
obtained without requiring a complicated or difficult sample preparation process [161]. 
The smooth surface of the samples was prepared using a PowerTome XL 
ultramicrotome from RMC. A microtome cutting temperature of -110 °C was used for 
the rubber modified epoxy to prevent smearing of the rubber particles. Silicon probes 
with a 5 nm tip were used. Both height and phase images were captured at 512 x 512 
pixel resolution and at a scan speed of 1 Hz. For the phase images, which are sensitive 
to the viscoelastic properties, the apparent hardness of the material is shown by the 
colour of the phase images, in which the harder phases are brighter [161].  
 
3.6.2 Field emission gun scanning electron microscopy 
The fracture surfaces of the bulk epoxies and the CFRP-composites were studied using 
a high resolution scanning electron microscope (SEM). The SEM was performed using 
a Leo 1525 (Zeiss) scanning electron microscope equipped with a field emission gun 
(FEG-SEM) at an accelerating voltage of 5 kV. The fracture surfaces for FEG-SEM 
were cut from the SENB or DCB specimens using an Accutom-5 precision cutter from 
Struers equipped with an E0D15 diamond blade. After cutting, the samples were 
sputter-coated using a K575X sputter coater from Emitech equipped with a chromium 
target at 80 mA for 1 min. The coating reduces the electron charging of the samples, but 
it is worth noting that the quality of the FEG-SEM images is highly sensitive to the 
coating effects. It has been found that too little coating may cause charging of the 
samples, and as a result create difficulties with focusing. However, with too much 
coating, the finer detail of the fracture surface may be masked by the coating particles.   
 
3.6.3 Optical microscopy 
Optical microscopy was carried out using an AXIO microscope from Zeiss, Germany, 
to investigate the plastic deformation zone ahead of the sub-critically loaded crack tip in 
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the tested DN-4PB specimens and the sub-surface deformation zone of the fractured 
SENB specimens. Samples for plastic deformation zone observation were cut out from 
the central plane strain region of the DN-4PB specimens perpendicular to the fracture 
plane and parallel to the crack direction using an Accutom-5 precision cutter from 
Struers equipped with an E0D15 diamond blade. Similarly, the samples for sub-surface 
deformation zone observation were prepared by cutting the fracture surface of the tested 
SENB samples to a thickness of 3-5 mm, and then another cut was made through the 
middle of the samples perpendicular to the fracture plane. This was to ensure the whole 
deformation zone was included.  These samples were then mounted to glass microscope 
slides using an optically transparent adhesive (Araldite 2020, Huntsman). The adhesive 
was cured at room temperature (approximately 20 °C) for at least 24 hours to ensure 
adequate shear strength was obtained. After mounting, these samples were ground and 
polished to a nominal thickness of 100 µm for observation using a LaboPol-21 grinding 
& polishing machine from Struers with progressively finer grades of emery paper and 
polishing suspensions. All the samples were observed using transmission optical 
microscopy (TOM), with white and cross-polarised light.  
 
3.6.4 Image analysis 
The volume fracture of particles, particle size and distribution were measured by 
performing image analysis using ImageJ v1.46 [162]. The average mean value of the 
particle size is calculated by extracting the data from image analysis and processed 
using spread sheet software (Microsoft Excel).  
 
By assuming a cubic array of particles, the inter-particle surface-to-surface 
distance, DIP, can be calculated through the following equation: 
ܦூ௉ ൌ ቈ൬ ସగଷ௏೑൰
ଵ/ଷ
െ 2቉ ݎ௣       (3.12) 
where rp is the particle radius and Vf is the volume fraction of the particle [97, 163]. 
 
3.7 Conclusions 
This chapter has provided information about the materials and experimental methods 
employed in this study. The manufacturing methods for the unmodified/modified bulk 
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epoxies and associated fibre reinforced composites have been described. The various 
thermal and mechanical tests used to measure the material properties have been 
introduced. The microscopy studies that are performed have also been described.  
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Chapter 4 
Toughening of Epoxies by Polysiloxane-
Based Core-Shell Particles 
 
4.1 Introduction 
It is generally accepted that the major toughening mechanisms of rubber toughened 
epoxies are based on a series of deformation processes, namely (a) localised plastic 
shear band yielding around the rubber particles and (b) cavitation of the rubber particles 
followed by plastic void growth of the epoxy. The second mechanism is generally 
required to achieve a major increase in the toughness of the rubber-particle modified 
epoxy. Hence, it can be postulated that rubber particles with a very low Tg may still be 
able to significantly toughen the epoxies at relatively low temperatures by cavitation 
and void growth.   
 
This chapter examines the application of polysiloxane based core-shell rubber 
particles, Albidur EP2240 A from Evonik Hanse (Germany), (referred to as EP-CSR 
particles) with a very low Tg (-118 °C) polysiloxane core as a potential toughening 
agent to modify an accelerated methylhexahydrophthalic acid anhydride cured DGEBA 
epoxy at a range of temperatures from -109 °C to 20 °C. These core-shell rubber 
particles should be able to toughen the epoxy at low temperatures, because the very low 
Tg polysiloxane core should remain soft and readily cavitate under hydrostatic stress.  
 
A series of formulations with concentrations of EP-CSR particles from 2 to 20 
wt% were prepared. These samples were tested using dynamic mechanical thermal 
analysis (DMTA), uniaxial tensile tests, plane strain compression (PSC) tests, single-
edge notch three-point bending (SENB) tests and double-notched four-point bending 
(DN-4PB) tests. A variety of material properties were determined, for example, the 
glass transition temperature, Tg, the storage modulus, E’, the number average molecular 
weight, Mnc, the tensile modulus, E, the compressive modulus, Ec, the compressive yield 
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stress, σyc, the Mode I critical stress intensity factor, KIc, and the Mode I plane strain 
fracture energy, GIc. The morphologies of these EP-CSR particle modified epoxies were 
characterised using atomic force microscopy (AFM). The toughening mechanisms were 
investigated using field emission gun scanning electron microscopy (FEG-SEM) and 
transmission optical microscopy (TOM). Existing analytical models were also used to 
predict the modulus and yield stress of the EP-CSR particle modified epoxies.  
   
4.2 Microstructure studies 
The morphologies of the unmodified and EP-CSR particles modified epoxies were 
observed using AFM. The unmodified epoxy was found to be a homogeneous single 
phase material as expected, see Figure 4.1a. The EP-CSR particles were observed as 
spherical soft particles finely dispersed in the harder epoxy matrix. Typical AFM 
micrographs showing the morphology of the modified epoxy containing 2, 6, 10 and 20 
wt% of EP-CSR particles are given in Figure 4.1b-c and Figure 4.2a-b. The spherical 
soft particles can be identified as the polysiloxane cores of the EP-CSR particles by 
considering the volume fraction and the contrast of the hardness/softness between the 
particles and the matrix. Notice that in Figure 4.1b-c and Figure 4.2b, light colour rings 
were observed around most of the dark spherical particles. Based on the composition of 
the EP-CSR particles, these light rings should be the shell of the particles. Interestingly, 
as clearly seen in Figure 4.1b, the polyvinyl shell of the EP-CSR particles might be 
more rigid than the epoxy matrix because of the lighter colour. These findings are 
corroborated by Giannakopoulos et al. [21], who studied the toughening of the same 
anhydride cured epoxy system as the one used in the present study with three different 
types of core-shell rubber (CSR) particles. They reported a similar light colour ring and 
dark colour core structure for their CSR particles in their AFM study, which is in good 
agreement with the present study. 
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(a) 
  
(b) 
  
(c) 
Figure 4.1. AFM height and phase micrographs of the (a) unmodified epoxy, and the epoxies modified 
with (b) 2 wt% and (c) 6 wt%. 
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(a) 
  
(b) 
Figure 4.2. AFM height and phase micrographs of the epoxies modified with (a) 10 wt% and (b) 20 wt% 
of the EP-CSR particles. 
 
The volume fraction, the particle size and the inter-particle surface-to-surface 
distance of the EP-CSR particles were measured by performing image analysis on the 
AFM micrographs. The values of the volume fraction are given in Table 4.1. These 
values indicate that the number of the EP-CSR particles increases as the concentration 
of the EP-CSR particles increases, which is also obvious by comparing Figure 4.1b-c 
and Figure 4.2a-b. The mean diameter of the EP-CSR particles was measured to be 0.18 
μm. The range of diameters of the EP-CSR particles were measured to be between 0.06 
µm to 0.70 µm, with a standard deviation of ±0.03 and ±0.15 µm in the lower and upper 
bounds, respectively. Also the average thickness of the polyvinyl shell of the EP-CSR 
particles was measured to be between 20 to 40 nm. However, it is worth to note that the 
size of the EP-CSR particles estimated from the AFM micrographs may not represent 
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the true size of the EP-CSR particles, because the AFM relies on scanning the surface of 
the cross-section to obtain the microstructure. Due to the preparation of the flat surface 
of the cross-section of the EP-CSR particle modified epoxy is through microtome 
cutting, the size of the EP-CSR particles cross-section depends on the location of the 
cutting, see Figure 4.3. The largest size of the particle cross-section is obtained from 
cutting the equator of the particle, and the size of the cross-section reduces as the cutting 
location deviates away from the equator.  
 
Based on the values of the volume fraction and the mean diameter, the inter-
particle surface-to-surface distance of the EP-CSR particles in the modified epoxies can 
be evaluated using Equation 3.12. These values are given in Table 4.1. They decrease as 
the mean volume fraction of the EP-CSR particles increases. This finding is expected. 
Since, with a constant volume, the amount of the EP-CSR particles in the epoxy matrix 
increased with the expense of the volume of the epoxy matrix, so the gap between the 
EP-CSR particles in matrix should be reduced.  
 
Table 4.1 Volume fraction and inter-particle surface-to-surface distance of the EP-CSR particles for 
modified anhydride cured epoxies containing different amount of EP-CSR particles. 
wt% of EP-CSR Particles Mean volume fraction (%) DIP (μm) 
0 0.00 (±0.0) N/A 
2 3.10 (±0.7) 0.46 
6 8.40 (±0.4) 0.33 
10 11.6 (±0.7) 0.30 
20 22.0 (±0.3) 0.24 
 
 
Figure 4.3. Schematic picture of the cutting profile of the EP-CSR particles. 
 
Resulting cross-section 
Cutting location 
Cutting location 
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4.3 Glass transition temperature and viscoelastic 
properties 
The glass transition temperatures, Tg, and the storage modulus, E', of the unmodified 
and the EP-CSR particle modified epoxies were measured using DMTA, and the data 
are summarised in Table 4.2. The values of the storage modulus, E', of the unmodified 
epoxy in a range of temperature are given in Table 4.2. These were used in the 
prediction of the yield stress in the section of the compressive properties in the present 
chapter, because uniaxial tensile tests were only conducted at room temperature in the 
present study. The crosslink density of the unmodified anhydride cured epoxy was 
calculated from the results of the DMTA using Equation 3.1, and a value of 347 (±99) 
g/mol for the number average molecular weight, Mnc, were obtained. This value 
indicates that the unmodified epoxy has an intermediate crosslink density, when 
compared to the common Mnc values reported in the literature [5, 123, 164-166] for 
epoxies used in applications, such as matrix of composites and casting compounds.  
 
Table 4.2. Glass transition temperature, Tg, and storage modulus, E', of the unmodified and EP-CSR 
particle modified epoxies. 
wt% of EP-CSR 
particles 
Tg (°C) E' (GPa)         
(-109 °C) 
E' (GPa) 
(-80 °C) 
E' (GPa) 
(-55 °C) 
E' (GPa) 
(20 °C) 
0 150 (±3) 4.13 (±0.19) 3.76 (±0.29) 3.35 (±0.25) 2.70 (±0.09) 
2 145 (±2) 3.79 (±0.30) 3.53 (±0.31) 3.19 (±0.29) 2.48 (±0.32) 
6 145 (±1) 3.69 (±0.12) 3.42 (±0.13) 3.14 (±0.04) 2.43 (±0.03) 
10 147 (±1) 3.48 (±0.07) 3.14 (±0.16) 2.86 (±0.17) 2.22 (±0.05) 
20 145 (±2) 3.00 (±0.00) 2.68 (±0.11) 2.38 (±0.12) 1.76 (±0.03) 
 
 The Tg of the unmodified epoxy was measured as 150 °C, which was determined 
from the largest peak of tan δ from the DMTA results. The addition of the EP-CSR 
particles was found to cause a small decrease on the Tg of the epoxy, see Table 4.2. This 
is also seen in Figure 4.4, which shows that the largeset peaks of the tan δ on the right of 
the curves for the unmodified epoxy, and the 10 wt% and 20 wt% EP-CSR particle 
modified epoxies are very close to each other. These results confirm that the EP-CSR 
particles remain phase-separated and do not plasticise the epoxy matrix. The second 
broad peak of the tan δ curves (the middle peak of the tan δ curves) in Figure 4.4 is 
corresponding to the β relaxation of the epoxies, which has been widely reported in the 
literature [70, 167]. The β relatxation of epoxy results from local molecular motions of 
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the epoxy network. The addition of the EP-CSR particles was found to have no effect of 
the β relaxation of the epoxy, and the temperature of the β relaxation of the epoxy was 
considered as -56 °C (the mean temperature of the broad peak). 
 
 The storage modulus was found to decrease linearly with the increasing 
concentration of the EP-CSR particles. These findings indicate that the presence of the 
soft rubbery particles reduces the stiffness of the relatively rigid epoxy matrix, which is 
as expected and in line with results reported by other researchers [20, 22, 168]. Figure 
4.4 shows that the presence of the soft polysiloxane rubber particles decreases the 
stiffness of the modified epoxies by an approximately constant amount below the Tg of 
the epoxy. 
  
 The Tg of the polysiloxane rubber core of the EP-CSR particles was also 
determined by the DMTA tests. A small peak of the tan δ curves was observed at 
temperature of -118 °C for the 10 wt% and 20 wt% EP-CSR particle modified epoxies, 
as shown in Figure 4.5. Since a similar peak was not observed in the tan δ curve of the 
unmodified epoxy, this peak was considered as the α relaxation of the polysiloxane 
rubber, and therefore the temperature of -118 °C is its Tg. Note that the storage modulus 
curves confirm this identification, as below the polysiloxane rubber Tg the curves are 
identical, because the rubber particles are in the glassy region and hence have a high 
modulus. The Tg of the polysiloxane rubber measured in the present study is 
corroborated by the similar Tg reported by Takahashi et al. [169] for their amine-
terminated polysiloxane rubber. Furthermore, a small shoulder next to the large α 
relaxation peak for the Tg of the epoxy was observed on the tan δ curves of the 10 wt% 
and 20 wt% EP-CSR particle modified epoxies. Figure 4.5 shows that the extent of the 
shoulder decreases as the content of the EP-CSR particles decreases. This shoulder of 
the α relaxation suggests that a part of the polyvinyl shell of the EP-CSR particles was 
phase separated out from the epoxy matrix and confirms the existence of the phase 
separated polyvinyl shell from the AFM studies, because the Tg of the polyvinyl 
copolymer is in the range of 80 to 100 °C [170, 171] which is the range of temperature 
that the small shoulder located.  
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Figure 4.4. Storage modulus, E', and loss factor, tan δ, versus temperature for the unmodified epoxies and 
the epoxies modified with 10 wt% and 20 wt% of EP-CSR particles. 
 
 
Figure 4.5. Same as Figure 4.4, but with different axis units showing the low temperature peak of tan δ, 
which indicates the Tg of the polysiloxane rubber core. 
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4.4 Tensile properties 
4.4.1 Experimental 
Uniaxial tensile tests were conducted to measure the tensile properties of the 
unmodified and the EP-CSR particle modified bulk epoxies, and typical engineering 
stress-strain curves are shown in Figure 4.6. These curves have a linear initial part 
followed by a curved part, which is characteristic of brittle thermosetting materials as 
failure occurs before yield. The tensile modulus, E, the tensile engineering strength, σts, 
and the tensile engineering fracture strain, εts, are summarised in Table 4.3. A tensile 
modulus of 3.2 GPa was measured for the unmodified epoxy, and the modulus 
decreased approximately linearly with increasing particle content to 1.96 GPa when 20 
wt% of the EP-CSR particles were added. Similar results were reported by 
Giannakopoulos et al. [168] using the same formulation of epoxy but with different 
CSR particles. 
 
 The addition of the EP-CSR particles also reduced the tensile strength 
approximately linearly with increasing particle content. This is anticipated, because it is 
well known that the addition of soft particles reduces the tensile strength of thermoset 
polymers [3, 12] due to the stress concentration effect of the particles. The tensile 
strength of the unmodified epoxy was measured to be 41 MPa, which is surprisingly 
low, as tensile strengths of approximately 81-83 MPa are typically measured for this 
epoxy [31, 168]. This may be explained by the fact that such unmodified thermoset 
polymers are extremely sensitive to the presence of surface defects, and it is likely that 
such imperfections caused these relatively low values to be measured. Indeed, for the 
formulation containing 2 wt% of EP-CSR particles, a mean tensile strength of 85 MPa 
was measured, which is close to the value of tensile strength for the same epoxy  
reported by Giannakopoulos et al. [168]. The lowest tensile strength measured was 48 
MPa, for the 20 wt% EP-CSR particle modified epoxy. However, different from the 
variation of the tensile strength with the concentration of the EP-CSR particles, the 
fracture strain, εts, was found to be approximately constant irrespective to the 
concentration of the EP-CSR particles 
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Figure 4.6. Tensile engineering stress-strain curves of the unmodified and EP-CSR particle modified 
epoxies. 
 
Table 4.3. The tensile properties of the unmodified and EP-CSR particle modified epoxies. 
wt% of EP-CSR particles Eng. modulus (GPa) Eng. strength (MPa) Fracture eng. strain 
0 3.19 (± 0.10) 41.2 (± 5.2) 0.014 (±0.002) 
2 3.13 (± 0.09) 85.0 (± 4.3) 0.047 (±0.007) 
6 2.78 (± 0.07) 74.4 (± 2.2) 0.046 (±0.006) 
10 2.55 (± 0.06) 64.9 (± 3.1) 0.047 (±0.004) 
20 1.96 (± 0.08) 48.2 (± 0.3) 0.052 (±0.001) 
*Fracture stress values of 81-83 MPa are typically measured for this unmodified epoxy [31, 168]. 
 
4.4.2 Modelling 
The values of the measured moduli of the EP-CSR particle modified epoxies may be 
compared to existing theoretical models. Various models have been developed to 
predict the modulus of a particulate-filled polymer but in the present study only the 
Halpin-Tsai and the Lewis-Nielsen models were used, as these models have been found 
to be the more representative models in previous works [39, 56, 168]. The Halpin-Tsai 
model [172] predicts the modulus of a reinforced polymer as a function of the modulus 
of the polymer matrix, Em, and of the filler, Ef, using:  
 ܧ ൌ ଵା఍ఎೞ೟௏೑೛ଵିఎೞ೟௏೑೛ ܧ௠       (4.1) 
where ζ is the shape factor, Vfp is the volume fraction of the particles, and:  
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 ߟ௦௧ ൌ
൬ಶ೑ಶ೘ିଵ൰
൬ಶ೑ಶ೘ା఍൰
.        (4.2) 
The shape factor of the Halpin-Tsai model is a function of the aspect ratio (w/t) of the 
particles, where w and t are the length and thickness of the particles respectively. Halpin 
and Kardos [172] recommended that a shape factor of ζ = 2w/t should be used for 
calculating the modulus for filler particles aligned with the loading direction, and ζ = 2 
for fillers perpendicular to the loading direction. In the present study, the EP-CSR 
particles are spherical with w/t = 1, so ζ = 2 was used for the calculation of the modulus. 
A value of Ef = 2.5 MPa was used for the modulus of the polysiloxane rubber core 
[173].  
 
 The basic Lewis-Nielsen model, using the work of McGee and McCullough 
[174], takes into account the effect of the adhesion between the matrix and the fillers. 
This model gives the predicted modulus, E, using:  
 ܧ ൌ ଵାሺ௞ಶିଵሻఉೞ೟௏೑೛ଵିఉೞ೟ఓೞ೟௏೑೛ ܧ௠       (4.3) 
where kE is the generalised Einstein coefficient, and βst and μst are constants. The 
constant βst depends on the relative modulus of the polymer matrix and the fillers, and is 
given by  
 ߚ௦௧ ൌ
൬ಶ೑ಶ೘ିଵ൰
ቆಶ೑ಶ೘ାሺ௞ಶିଵሻቇ
.       (4.4) 
notice that βst is identical to ηst in the Halpin-Tsai model if a shape factor of ζ = (kE - 1) 
is used. The constant μst depends on the maximum volume fraction of the filler, Vmax, 
and is given by: 
 ߤ௦௧ ൌ 1 ൅ ൫ଵି௏೑೛൯௏೘ೌೣ ൣ ௠ܸ௔௫ ௙ܸ ൅ ሺ1 െ ௠ܸ௔௫ሻ൫1 െ ௙ܸ௣൯൧.    (4.5) 
Nielsen and Landel [175] have tabulated values of Vmax for a range of particle shapes 
and types of packing. The AFM studies conducted in the present study show that the 
EP-CSR particles are non-agglomerated and randomly dispersed, so the value of Vmax = 
0.632 for random close-packed and non-agglomerated spheres is suitable [175]. The 
value of the generalised Einstein coefficient, kE, varies with the Poisson’s ratio of the 
polymer matrix and the degree of the adhesion of the polymer matrix to the particles. 
Hence, in the present study, for a polymer matrix with v = 0.35 and no slippage at the 
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interface between the polymer matrix and the particles (no debonding was observed), a 
value of kE = 2.167 was used [175].  
 
 The predictions of the Halpin-Tsai and the Lewis-Nielsen models are compared 
with the experimental data in Figure 4.7, and the agreement is very good. (The volume 
fraction of the EP-CSR particles in the epoxy matrix was measured using image 
analysis from the AFM micrographs, see Table 4.1). The experimental data were found 
to generally lie between the Halpin-Tsai and Lewis-Nielsen predictions, where the 
Halpin-Tsai model gives the upper bound and the Lewis-Nielsen model gives the lower 
bound. Moreover, the fact that the experimental data lie close to and just above the 
Lewis-Nielsen predictions, confirms that slippage (debonding) does not occur at the 
interface. Similar results were observed by Giannakopoulos et al. [168].  
 
 
Figure 4.7. Elastic modulus, E, versus EP-CSR particle content. Points are experimental data, lines are 
theoretical predictions.  
 
4.5 Compressive properties 
The compressive properties of the unmodified and the EP-CSR particle modified 
epoxies were measured using plane strain compression (PSC) tests at a range of 
temperatures between -109 °C to 20 °C. 
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4.5.1 Room temperature tests (20 °C) 
The room temperature values of the compressive true yield stress, σyc, compressive true 
strength, σfc, and compressive true fracture strain, εfc, are summarised in Table 4.4. The 
addition of EP-CSR particles reduced the compressive true yield stress as expected due 
to the relative softness and stress concentration effect of the EP-CSR particles. The 
values decreased approximately linearly with increasing EP-CSR particle content, see 
Figure 4.8. At 20 °C, a value of 111 MPa was measured for the unmodified epoxy, 
which confirmed that the unmodified epoxy would have the highest tensile strength if 
the effect of defects was excluded in uniaxial tension. The lowest value of the 
compressive true yield stress was measured to be 63 MPa for the 20 wt% EP-CSR 
particle modified epoxy.  
 
 
Figure 4.8. Room temperature compressive true yield stress versus the EP-CSR particle content. 
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Table 4.4. Plane-strain compressive properties of the unmodified and EP-CSR particle modified epoxies 
at temperatures from -109 °C to 20 °C: compressive true yield stress, σyc, calculated tensile yield stress, 
σyt, compressive true fracture stress, σfc, and strain, εfc. 
*The tensile yield stress for the unmodified epoxy is calculated using Equation 3.4 from the mean 
compressive yield stress. **The values of the σyc, σfc, and εfc are given by range. For some of the 
formulation of the unmodified and EP-CSR modified epoxies, only one sample was tested, so no range of 
the values of the σyc, σfc, and εfc are given. 
 
 Representative compressive true stress-strain curves of the unmodified epoxy and 
the modified epoxies containing 6 wt% and 20 wt% EP-CSR particles are shown in 
Figure 4.9. These curves illustrate that the addition of the EP-CSR particles suppressed 
the strain-softening after yield, as the strain-softening zone in the compressive true 
stress-strain curves reduced gradually with increasing EP-CSR particle concentration 
and disappeared completely for the addition of 20 wt% EP-CSR particles. This finding 
may be explained as the EP-CSR particles suppress the macroscopic inhomogeneous 
shear-band deformation and strain-softening by the promotion of the initiation and 
growth of highly localised plastic shear-bands. Such localised shear bands have been 
observed experimentally [2] and in finite-element analysis modelling studies [12, 13]. 
Temperature (°C) EP-CSR (wt%) σyc (MPa)** σyt (MPa)* σfc (MPa)** εfc** 
20 °C 0 111-112 88 266-290 0.94-0.95 
2 106-106 84 212  0.88 
6 92-92 73 210-214 0.91-0.92 
10 83-84 66 201-211 0.93-0.94 
20 63-63 50 128 0.76 
 
-55 °C 0 160-168 130 390-418 1.01-1.15 
2 149-163 124 331-387 1.01-1.14 
6 149-152 120 328-330 1.06-1.08 
10 136-140 109 305-342 1.07-1.11 
20 104-112 86 235-273 0.98-1.19 
 
-80 °C 0 182 144 465 1.08 
2 184 146 482 1.04 
6 170 135 484 1.17 
10 184 146 499 0.98 
20 132 105 524 1.19 
 
-109 °C 0 303 240 517 0.76 
2 300 238 597 0.70 
6 273 216 502 0.83 
10 243 193 416 0.76 
20 254 201 547 0.84 
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This explanation was devised from the relatively high stress concentrations that develop 
around the equatorial plane of the relatively soft rubbery particles [12]. Since good 
dispersion of the EP-CSR particles is observed in the epoxy matrix, the stress 
concentrations at the EP-CSR particles should lead to the highly localised shear bands, 
and therefore the macroscopic shear bands and the associated strain-softening are 
suppressed and gradually disappear with increasing EP-CSR particle content. Figure 
4.10 shows a diffuse deformation zone caused by the merger of the localised shear 
bands. 
 
 
 Figure 4.9. Room temperature compressive true stress versus strain of the unmodified epoxy and the 
epoxies modified with (a) 6 wt%, and (b) 20 wt% of EP-CSR particles.  
 
 
Figure 4.10. Cross-polarised transmission optical image of the gauge region of the plane-strain 
compression test of the epoxy modified with 10 wt% EP-CSR particles loaded to just after the yield point. 
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4.5.2 Cryogenic temperature tests 
At low test temperatures, the unmodified and the EP-CSR particle modified epoxies 
became harder to deform. The values of the compressive true yield stress, σyc, 
compressive true fracture strength, σfc, and compressive true fracture strain, εfc, in the 
range of test temperatures between -109 °C to -55 °C are summarised in Table 4.4. The 
values of σyc for the unmodified and the EP-CSR particle modified epoxies increased 
significantly as the temperature decreased from 20 °C to -109 °C. For example, the 
mean compressive yield stress of the unmodified epoxy increased from 111 to 303 MPa 
as the temperature decreased from 20 °C to -109 °C. Figure 4.11 shows that the 
compressive true yield stresses increased linearly from 20 °C to -80 °C, and then 
increased more rapidly between -80 °C and -109 °C. Although the test temperature was 
approached to the Tg of the polysiloxane rubber at -109 °C, but the polysiloxane rubber 
seems do not have any effect on the modified epoxies other than the yield stress 
reduction. The acceleration of the increase in the yield stress below -80 °C should not 
cause by the addition of the EP-CSR particles, because the unmodified epoxy behaves 
the same as the modified epoxies (the slope of the compressive yield stress-temperature 
curves is the same for the unmodified and modified epoxies). It may be due to the 
epoxies being below their β relaxation, which means all the local motions in the epoxy 
network cease, so a significantly higher stress is needed to achieve yielding. The β 
relaxation of this epoxy occurs at -56 °C from the DMTA results, and as the test rate is 
higher for the DMTA tests than for the compression tests, the transition would be 
expected to occur at a lower temperature for the compression data. Hence, it should be 
close to the temperature at which the change of the rate of the stress increase occurred.  
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Figure 4.11. Compressive true yield stress of the unmodified and the EP-CSR particle modified epoxies 
versus test temperature. 
 
 Representative compressive true stress-strain curves of the epoxy modified with 
10 wt% EP-CSR particles, showing the shape of the curves at different temperatures, 
are given in Figure 4.12. The low temperature stress-strain curves are similar to the 
room temperature curves down to -80 °C, while below -80 °C the curves are more linear 
due to the passing of the β transition. The fracture strains of the unmodified and the EP-
CSR particle modified epoxies were found to relatively insensitive to temperature, see 
Table 4.4, given the experimental variation indicated by the standard deviation.  
 
 
Figure 4.12. Compressive true stress versus strain diagram of the epoxies modified with 10 wt% EP-CSR 
particles at different test temperatures.  
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4.5.3 Modelling 
The temperature dependence of the compressive yield stress of the unmodified epoxy 
may be predicted from existing theoretical models. A number of models are available, 
including those by Eyring [176], Robertson [177], Argon [81, 82], and Bowden [83]. In 
the present study, Argon’s model was selected as this model is relatively simple and has 
been found to be more convenient to apply when compared to the other models, because 
the parameters used in this model can be estimated experimentally. The  Argon’s model 
[81, 82] suggests that pairs of molecular kinks are formed in the unmodified epoxy, so 
that the external work applied to the polymer is opposed by the intermolecular 
resistance to chain flexing. The temperature dependence of the compressive yield stress, 
σyc, is predicted to follow the relationship:  
 ቂଶఙ೤೎ሺଵା௩ሻ√ଷா ቃ
ହ/଺ ൌ ܣ௦௧ െ ܤ௦௧ ቂଶ்ሺଵା௩ሻா ቃ     (11) 
where v is the Poisson’s ratio, E is the elastic modulus and T is the corresponding 
temperature in Kelvin. The constants Ast and Bst are given by:  
 ܣ௦௧ ൌ ቀ଴.଴଻଻ଵି௩ ቁ
ହ/଺
       (12) 
and 
 ܤ௦௧ ൌ ܣ௦௧ ଵ଺ሺଵି௩ሻ௞ଷగఠమ௔೘ೝయ ݈݊ ቀ
ఊሶబ
ఊሶ ቁ       (13) 
where ߱ is the angular rotation (in radians) between the initial and activated positions, 
amr is the mean molecular radius, k is the Boltzmann constant, ߛሶ  is the strain rate, and ߛሶ଴ 
is the pre-exponential factor. The values of these parameters were taken from Cook et 
al. [74] for similar epoxies to that used in the present study, and are v = 0.35, ߱ = 2 
radians, amr = 0.475 nm and ߛሶ଴ = 1013 s-1. The strain rate, ߛሶ , used in the calculation is 
estimated from the displacement rate divided by the initial thickness of the specimen 
and assumed to be constant. The modulus values as a function of temperature were 
taken from the present DMTA studies. Although the storage modulus, E', is generally 
slightly smaller than the elastic modulus, E, for the unmodified epoxy, the storage 
modulus still gives the best approximation of the elastic modulus over the temperature 
that were interested, for example the value of E' is 2.7 GPa at 20 °C which is close to 
3.19 GPa for the value of E at 20 °C.  Since in the present study tensile tests were only 
conducted at room temperature, the elastic modulus of the unmodified epoxy at low 
temperature was assumed to be equal to the storage modulus from the DMTA tests. The 
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predictions using Argon’s model are compared to the experimental values in Figure 
4.13, and the agreement is good. These results evidently indicate that the Argon’s model 
correctly predicts the trend of increasing yield stress with decreasing temperature. 
However, the prediction gives a relatively linear increase, whereas the experimental 
data follow a rather more curved relationship.  
 
 
Figure 4.13. Compressive true yield stress of the unmodified epoxies versus temperature. Points are the 
experimental data, line is the theoretical prediction. 
 
4.6 Fracture properties 
The fracture properties of the unmodified and EP-CSR particle modified epoxies were 
measured using SENB tests at a range of temperatures from -109 °C to 20 °C. 
 
4.6.1 Room temperature tests (20 °C) 
The values of the Mode I fracture energy, GIc, and Mode I critical stress intensity factor, 
KIc, for the unmodified and the EP-CSR particle modified epoxies at 20°C are 
summarised in Table 4.5. It can be seen that the KIc of the epoxy increased with the 
addition of the EP-CSR particles, from 0.70 MPa·m1/2 for the unmodified epoxy to 1.46 
MPa·m1/2 for the epoxy containing 20 wt% of the EP-CSR particles. A mean fracture 
energy of 117 J/m2 was measured for the unmodified epoxy, which is not significantly 
different from the value reported by Giannakopoulos et al. [168] using the same epoxy 
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system and a similar curing schedule. The fracture energy also increased steadily with 
the EP-CSR particle content, see Figure 4.14. There was a very significant improvement 
in GIc was observed by adding the EP-CSR particles, with a maximum value of 947 
J/m2 being measured upon the addition of 20 wt%. This value is approximately 800 % 
higher than the GIc of the unmodified epoxy.  
 
Table 4.5. Mode I fracture energy, GIc, and mode I stress intensity factor, KIc, for the unmodified and the 
EP-CSR particle modified epoxies at 20 °C.  
wt% of EP-CSR GIc (J/m2) KIc (MPa·m1/2) 
0 117 (± 38) 0.70 (± 0.09) 
2 154 (± 22) 0.80 (± 0.05) 
6 324 (± 24) 1.10 (± 0.01) 
10 506 (± 37) 1.31 (± 0.04) 
20 947 (± 96) 1.46 (± 0.06) 
 
 
Figure 4.14. Mode I fracture energy, GIc, versus EP-CSR particle content at 20°C.  
 
4.6.2 Cryogenic temperature tests 
The values of GIc and KIc at a range of temperatures between -109 °C to 20 °C are 
summarised in Table 4.6, and Figure 4.15 shows the trend of the improvement of the GIc 
with different EP-CSR particle content over the range of the temperatures. It can be 
seen in Figure 4.15 that the increase of the GIc at low temperatures was almost linear 
with the EP-CSR particle content, but of a lower magnitude than at room temperature. 
The toughening performance at -55 °C, -80 °C and -109 °C is almost identical. This 
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indicates that the addition of the EP-CSR particles can still significantly toughen the 
epoxy even at the lowest test temperatures used in the present study. For example, a 
fracture energy of 481 J/m2 was measured at -109 °C upon the addition of 20 wt% of 
EP-CSR particle. This represents an increase of approximately 175% compared with the 
GIc of the unmodified epoxy at this temperature, and a 4.0-fold increase compared to the 
value of 117 J/m2 for the GIc of the unmodified epoxy at 20 °C.  
 
Table 4.6. The Mode I fracture energy, GIc, and critical stress intensity factor, KIc, of the unmodified and 
EP-CSR particle modified epoxies. 
EP-CSR content Mode I fracture energy, GIc (J/m2) 
(wt%) -109 °C -80 °C -55 °C 20 °C 
0 174 (±37) 141 (±45) 140 (± 22) 117 (± 38) 
2 241 (±11) 189 (±36) 187 (± 8) 154 (± 22) 
6 281 (±24) 225 (±16) 251 (± 12) 324 (± 24) 
10 336 (±20) 255 (±31) 298 (± 7) 506 (± 37) 
20 481 (±36) 425 (±53) 522 (± 53) 947 (± 96) 
EP-CSR content Mode I critical stress intensity factor, KIc (MPa·m1/2) 
(wt%) -109 °C -80 °C -55 °C 20 °C 
0 0.92 (±0.10) 0.78 (±0.00) 0.72 (± 0.03) 0.70 (± 0.09) 
2 1.05 (±0.02) 0.90 (±0.06) 0.85 (± 0.02) 0.80 (± 0.05) 
6 1.13 (±0.03) 0.92 (±0.02) 0.89 (± 0.01) 1.10 (± 0.01) 
10 1.22 (±0.07) 0.94 (±0.04) 0.96 (± 0.03) 1.31 (± 0.04) 
20 1.31 (±0.01) 1.13 (±0.04) 1.11 (± 0.01) 1.46 (± 0.06) 
 
 
Figure 4.15. The mode I fracture energy, GIc, versus EP-CSR particle content at temperatures of 20 °C, -
55 °C, -80 °C and -109 °C. The general trends were shown with a linear fit. 
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 The effect of the temperature on the toughening performance of the EP-CSR 
particles was also investigated, and a graph of GIc versus the testing temperature is 
given in Figure 4.16. Firstly, it can be seen that the fracture energy of the unmodified 
epoxy is independent of the test temperature, as any variation in the values is not 
significant when the standard deviations are considered. Further, the toughening 
performance of the EP-CSR particles was found to decrease linearly with decreasing 
temperature, with a minimum at -80 °C. However, when the standard deviations are 
considered, then there is no significant difference between the values from -55 °C to -
109 °C for epoxies containing the same concentration of EP-CSR particles, as shown in 
Figure 4.16. The reduced toughening performance at low temperatures may be 
explained by the increased yield stress of the epoxy at low temperature, because the 
deformability of the epoxy decreases as the temperature decreases. However, on the 
other hand, the stiffness of the polysiloxane rubber core will also increase as the 
temperature decreases, which leads to an increase of the cavitational resistance of the 
particles. This increase of the cavitational resistance of the polysiloxane rubber core 
may subsequently increase the toughening performance of the EP-CSR particles as 
proposed by Pearson and Yee [22]. These researchers speculated that a larger 
cavitational resistance should cause the build-up of a larger strain-energy prior to shear 
yielding of the epoxy matrix, and thus lead to a faster growth of shear bands and a larger 
plastic deformation zone. Their speculation is supported by the recent finite element 
analysis by Guild et al. [178], which showed that cavitation at higher applied strains 
causes more complex shear band growth and enhances plastic deformation. As a result, 
the measured fracture energy of the EP-CSR particle modified epoxies may be a 
competition between the two effects caused by the decrease of the temperature, which 
are the increase of the yield stress of the epoxy matrix and the increase of the cavitation 
resistance of the EP-CSR particles.  
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Figure 4.16. Mode I fracture energy versus testing temperature for the unmodified and the EP-CSR 
particle modified epoxies. 
 
4.7 Toughening micromechanisms  
The toughening mechanisms of the EP-CSR particle modified epoxies over the range of 
testing temperatures were investigated by examining the fracture surfaces of the tested 
SENB specimens, the sub-surface deformation zone of the tested SENB specimens and 
the sub-critically loaded plastic deformation zone at the crack tips of the tested DN-4PB 
specimens. The investigations were carried out by using two microscopy techniques, 
field emission gun scanning electron microscopy (FEG-SEM) and transmission optical 
microscopy (TOM). 
 
4.7.1 The unmodified epoxy 
The fracture surfaces of the unmodified epoxy were investigated using FEG-SEM to 
study the micromechanisms related to the fracture of the brittle unmodified epoxy. The 
fracture surfaces was smooth and glassy, which is typical for a brittle thermoset polymer 
[56]. Figure 4.17 shows that no large-scale plastic deformation occurred during fracture. 
Only riverline markings are present on the fracture surface, which are caused by the 
presence of some local mixed-mode I/III stresses [88]. It is well known that formation 
of these multi-planar features is the micromechanism responsible to the absorption of 
the excess energy during the fracture of brittle materials [88, 179].  
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Figure 4.17. FEG-SEM image of the fracture surface of the unmodified epoxy. The pre-crack was 
indicated by the dash line. 
 
4.7.2 Cavitation and void growth 
At room temperature, the fracture surfaces of the EP-CSR particle modified epoxies 
also show the crack forking and riverline patterns. However, these fracture surfaces are 
rougher than those of the unmodified epoxy, and FEG-SEM micrographs showing the 
plastic deformation zone of the 10 and 20 wt% EP-CSR particle modified epoxies are 
given in Figure 4.18. Figure 4.18 shows that the fracture surfaces of the EP-CSR 
particle modified epoxies are covered with cavities, and the mean diameter of the 
cavities is 0.26 (±0.14) μm. These cavities were caused by the internal cavitation of the 
EP-CSR particles, and this phenonmenon has been reported by many researchers [6, 9, 
22, 180, 181]. The evidence of the rubber particle internal cavitation is that a layer of 
rubber was found on the cavities observed on the fracture surface of the rubber particle 
modified epoxies, and this rubber liner has been independently shown by Shaw et al. [6] 
and Pearson and Yee [9] by employing solvent to swell the rubber liner or backscattered 
electron imaging technique to distinguish the rubber liner and the epoxy matrix in the 
rubber particle modified epoxies. All the particles should have cavitated because the 
number of the cavities on the fracture surface is approximately equal to the number of 
the particles found in AFM micrographs. Moreover, the mean diameter of the cavities is 
significantly larger than the mean diameter of the EP-CSR particles measured from the 
AFM images, which was 0.18 μm.  This observation clearly reveals that plastic void 
Crack direction 
Pre-crack 
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growth of the epoxy matrix has followed the cavitation of the EP-CSR particles. Similar 
results have been reported by many researchers [20, 22, 23] who studied the toughening 
effect of different CSR particles in a number of epoxy systems.  
 
 In a recent review of rubber-toughened epoxies by Bagheri et al. [2] the cavitation 
of rubber particles and the following void growth has been firmly established as one of 
the main toughening mechanisms for epoxies toughened by well-dispersed rubber 
particles. The cavitation of the rubber particles creates voids which relieve the triaxial 
stress-state ahead of the crack-tip and so enable plastic void growth to occur in the 
epoxy. Cavitation, as opposed to particle debonding, will occur when the rubber particle 
is strongly bonded to the surrounding polymer. Indeed, based on the FEG-SEM 
observations, the core to shell adhesion must also be relatively high for the EP-CSR 
particles, because no debonding is observed. For the low-temperature results, the 
fracture surfaces of the EP-CSR particle modified epoxies are very similar to the 
samples tested at room temperature, as shown in Figures 4.19 and 4.20. All of the EP-
CSR particles cavitated, even at -109 °C, because the number of the cavities on the 
fracture surface of the SENB specimens tested at -109 °C seems to be approximately the 
same as the number of the cavities on the fracture surface of the SENB specimens tested 
at 20 °C. The size of the cavities is reduced at low temperatures. For example, the mean 
diameters of the cavities were measured as 0.21 (±0.12) μm and 0.19 (±0.11) μm from 
the SENB samples tested at temperature -55 °C and -109 °C, respectively, while the 
mean diameter of the cavities was measured as 0.26 (±0.14) μm from the SENB 
samples tested at 20 °C. Hence, this indicates that, at low temperatures, a lesser extent 
of the plastic void growth was occurred in the EP-CSR particle modified epoxies.  
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(a) 
 
(b) 
Figure 4.18. FEG-SEM images of the fracture surface of the epoxies modified with (a) 10 wt%, and (b) 
20 wt% of EP-CSR particles at 20 °C, taken in the vicinity of the tip of the pre-crack. 
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(a) 
 
(b) 
Figure 4.19. FEG-SEM images of the fracture surface of the 10 wt% EP-CSR particle modified epoxy 
tested at (a) -55 °C and (b) -109 °C, taken in the vicinity of the tip of the pre-crack. 
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(a) 
 
(b) 
Figure 4.20. FEG-SEM images of the fracture surface of the 20 wt% EP-CSR particle modified epoxy 
tested at (a) -55 °C and (b) -109 °C, , taken in the vicinity of the tip of the pre-crack. 
 
4.7.3 Shear band yielding 
Shear band yielding has previously been reported for the present epoxy formulation 
when modified with CTBN rubber [56], and was observed from the present PSC tests. 
In the present section, the shear band yielding of the EP-CSR particle modified epoxy is 
investigated further by looking at the results of the DN-4PB tests. The DN-4PB test has 
been reported to be a useful method for observing the plastic deformation zone and the 
Crack direction 
Crack direction 
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sequence of the toughening mechanisms in toughened epoxies [22, 23, 156]. After the 
DN-4PB tests, the specimens were sectioned and observed using transmission optical 
microscopy (TOM) to investigate the plastic deformation zone at the tip of the sub-
critically loaded crack. Figure 4.21 is a TOM micrograph of a thin section taken at the 
mid-plane near the crack tip from a 10 wt% EP-CSR particle modified epoxy sample. It 
shows that a large feather-like deformation zone was formed at the crack tip. This zone 
comprises highly plastically dilated cavities and localised shear bands [182, 183], and 
appears black due to the scattering of visible light by the cavitated rubber particles and 
heavily sheared material.  
 
 The sub-surface damage zone of the EP-CSR particle modified epoxies was also 
studied. Figure 4.22 shows TOM micrographs of the sub-surface damage zone at 
different test temperatures. These micrographs reveal that the size of the sub-surface 
damage zone decreases as the test temperature decreases. The smaller plastic 
deformation zone corroborates the lower fracture toughness measured for the EP-CSR 
particle modified epoxies at the low temperatures. Further, it can be speculated that the 
reduction in the size of the plastic deformation zone ahead of the crack tip is due to the 
increase of the yield stress of the epoxy matrix at low temperatures.  
 
 
Figure 4.21. Transmission optical micrograph of the sub-critically loaded crack tip in the plane-strain 
region of the epoxy modified with 10 wt% of EP-CSR particles. 
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         (a)                        (b) 
     
          (c)              (d) 
Figure 4.22. Transmission optical micrographs of the subsurface damage zone of the epoxy modified with 
10 wt% of EP-CSR particles at (a) 20 °C, (b) -55 °C, (c) -80 °C, and (d) -109 °C, showing reduction in 
the depth of the damage zone in lower part of images with decreasing temperature. (Upper light area is 
epoxy used for mounting sample). 
 
4.7.4 Summary 
The toughening events of the EP-CSR particle modified epoxies can be summarised as 
localised shear band yielding of the epoxy matrix initiated by the EP-CSR particles, plus 
internal cavitation of the EP-CSR particles which relieves the triaxial stress state in the 
vicinity of the crack tip and allows subsequent plastic void growth. It can be concluded 
that these events contribute to the relatively high toughness measured from the EP-CSR 
particle modified epoxies.  
 
 The effect of the temperature on the toughening events of the EP-CSR particle 
modified epoxies was studied. It was found that the low temperature reduces the 
deformability of the epoxy matrix. Plastic void growth of the cavitated EP-CSR 
5 μm
Mounting epoxy adhesive 
Mounting epoxy adhesive 
Mounting epoxy adhesive Mounting epoxy adhesive 
Sample Sample 
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particles was found to be suppressed at low temperatures, and the size of the plastic 
deformation zone at the crack tip was found to progressively reduce as the temperature 
decreases. 
 
4.8 Conclusions 
Polysiloxane based core shell (EP-CSR) particles were used as a toughening agent to 
modify an accelerated methylhexahydrophthalic acid anhydride cured DGEBA epoxy. 
The toughening mechanisms of the EP-CSR particle modified epoxies were identified, 
and the effect of temperature on the toughening mechanisms was discussed. The 
toughening events were summarised as localised shear band yielding of the epoxy 
matrix initiated by the EP-CSR particles, plus internal cavitation of the EP-CSR 
particles and subsequent plastic void growth. The low temperatures were found to 
reduce the deformability of the epoxy matrix through the increase of the yield stress, but 
the low temperatures did not change the toughening mechanism. The effect of the 
increase of the cavitational resistance of the EP-CSR particles on the toughness 
improvement is not firmly verified from the results of the present study. 
 
The morphology of the unmodified epoxy was found to be a single phase, 
homogeneous material. The EP-CSR particle modified epoxies were found to have 
spherical soft particles finely dispersed in the hard epoxy matrix. The EP-CSR particles 
have a mean diameter of 0.18 µm and a glass transition temperature of about -118 °C. 
 
The mechanical, thermal-mechanical and viscoelastic properties of the 
unmodified and the EP-CSR particle modified epoxies were measured. The glass 
transition temperature of the unmodified epoxy was 150 °C. The addition of the EP-
CSR particles did not alter this value, but the elastic modulus and the yield stress of the 
epoxy were reduced in value. The fracture energies of the EP-CSR particle modified 
epoxies were measured at a range of temperatures from -109 °C to 20 °C. At room 
temperature, a value of the fracture energy, GIc, of 117 J/m2 was measured for the 
unmodified epoxy. The addition of the EP-CSR particles linearly increased the fracture 
energy, and a maximum value of 947 J/m2 was measured upon the addition of 20 wt% 
EP-CSR particles at 20 °C. At cryogenic temperature, the EP-CSR particles were found 
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to be able to still significantly toughen the epoxy. A GIc value of 481 J/m2 was measured 
for the epoxy containing 20 wt% EP-CSR particles at -109 °C.  
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Chapter 5 
Toughening of Anhydride Cured Epoxies by 
Amphiphilic Block Copolymers 
 
5.1 Introduction 
As mentioned in the literature review chapter, the toughening mechanisms of block 
copolymer modified epoxies are not fully understood, and there is still a considerable 
gap in knowledge about the relationship between the morphologies and the properties of 
the modified epoxies, in particular the fracture and yield properties. Hence, in order to 
advance the understanding of block copolymer modified thermosetting materials, in the 
present study epoxies modified with commercial poly(methyl methacrylate)-b-
poly(butylacrylate)-b-poly(methyl methacrylate) (MAM) triblock copolymers were 
employed as model systems to study the toughening mechanisms, blend morphology, 
mechanical/thermo-mechanical properties and morphology/property relationships of 
block copolymer modified thermosets. In addition to the bulk epoxies, the MAM 
modified epoxies were also studied as the matrix material in continuous fibre reinforced 
composites to investigate the toughness improvement of the composites by these MAM 
block copolymers.   
 
In the present section, an accelerated methylhexahydrophthalic acid anhydride 
cured diglycidyl ether of bisphenol-A (DGEBA) epoxy was used for the investigation of 
block copolymer toughening. The anhydride curing agent has a low viscosity, and is 
normally used for the manufacturing of fibre-reinforced composites [184]. The 
commercial MAM block copolymers used in this study are acrylic symmetric triblock 
copolymers which consist of a centre epoxy immiscible poly(butylacrylate) (PbuA) 
block and two epoxy miscible poly(methyl methacrylate) (PMMA) end blocks. These 
block copolymers were designed to achieve nanostructuration in thermoset systems via 
self-assembling before curing and polymerisation-induced fixation during curing [44, 
185]. Three MAM triblock copolymers were used as the toughening agents, which are 
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M22N, M52N and M52. The suffix N indicates that the MAM block copolymer 
incorporated dimethylacrylamide (DMA) into the PMMA block to increase the 
compatibility of the PMMA blocks with epoxies. The strcture of these MAM block 
copolymers are given in more detail in Chapter 3. Maiez-Tribut et al. [111] have shown 
that adding small molar fractions of DMA to PMMA to form random copolymer 
P(MMA-co-DMA) can significantly improve the miscibility of PMMA with epoxies.  
 
The morphologies of the epoxies were examined using atomic force microscopy 
(AFM). The glass transition temperature, Tg, and viscoelastic properties of the epoxies 
were measured using dynamic mechanical thermal analysis (DMTA). The bulk material 
properties of the epoxies were characterised using uniaxial tensile tests, plane strain 
compression (PSC) tests and single edge notched three point bending (SENB) tests. The 
toughening mechanisms of the bulk epoxies were investigated using double notched 
four point bending tests, field emission gun scanning electron microscopy (FEG-SEM) 
and transmission optical microscopy (TOM). 
 
Quasi-isotropic (QI) continuous carbon-fibre reinforced polymer (CFRP) 
composites were produced using the unmodified and MAM modified epoxies as matrix 
materials. The mechanical properties of the CFRP-composites were studied using 
flexural tests and double cantilever beam (DCB) tests. These tests were performed to 
understand the transfer of toughness from the matrix materials to the CFRP-composites, 
and the effect of the matrix modification on the interfacial properties of the matrix and 
the fibres. The toughening mechanisms of the CFRP-composites were investigated 
using FEG-SEM. 
 
5.2 Microstructure studies 
The block copolymer modified epoxies can be sorted into two different categories - 
transparent and opaque. All of the M22N modified epoxies are optically transparent 
before and after the curing process, but the optical transparency of the M52N and M52 
modified epoxies can only be observed before gelation, see Figure 5.1. This indicates 
that, after the curing process, no macroscopic phase separation that exceeds 1/15 the 
wavelength of visible light (approximately 40 nm) was presented in the M22N modified 
epoxies (particles smaller than 1/15 of the wavelength of visible light are almost free of 
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light scattering and thus lead to translucent or transparent materials), while macroscopic 
phase separation occurred in the M52N and M52 modified epoxies which gave rise to 
the opacity [186]. This finding thus also suggests that M22N is more compatible with 
the selected anhydride-cured epoxy system than the M52N and M52 block copolymers. 
 
  
  
Figure 5.1. Photographs of the unmodified and MAM modified anhydride cured epoxies. (a) Unmodified 
epoxy; (b) 5 wt% M22N modified epoxy; (c) 5 wt% M52 modified epoxy; (d) 5 wt% M52N modified 
epoxy. 
 
The morphologies of the unmodified and MAM modified epoxies were 
characterised using atomic force microscopy (AFM), and the AFM micrographs are 
given in Figures 5.2-5.6. The morphology of the unmodified epoxy was homogeneous 
and featureless, as expected for a single phase thermosetting material, see Figure 5.2. 
Heterogeneity was introduced by adding MAM. For the epoxies containing M22N, 
wormlike micelles with a clear core/shell structure and a width ranging from 12 to 26 
nm were observed in all the formulations containing 2 to 12 wt% of M22N, as shown in 
Figure 5.3 and 5.4. The width of the wormlike micelles (black lines in Figure 5.3 to 5.4)  
in the AFM micrographs) was measured by using image processing software Image J 
[162] and the scale bar shown in the micrographs. In addition to the wormlike micelle 
10 mm 10 mm
10 mm 10 mm
(a) (b)
(c) (d)
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structure, a co-existence of wormlike micelles and spherical micelles was partly 
observed in the epoxies containing 12 wt% M22N, although the spherical micelles were 
rare, see Figure 5.4a-b. By considering the volume fraction of each block in the MAM 
and the differences in viscoelastic properties between the epoxy matrix and the MAM, 
the core of the dispersed wormlike micelles was ascribed to the immiscible PbuA block, 
and the harder shell to the locally phase separated PMMA blocks or PMMA-epoxy 
mixing regions. These findings are corroborated by the dynamic mechanical thermal 
analysis (DMTA) results, which will be described in the next section. Similar 
morphologies for epoxies containing block copolymers were reported by Hu et al. [187], 
who also observed dispersed nanoscale worm-like micelles in epoxies modified with 
poly(ε-carprolactone)-b-poly(ethylene-co-ethylethylene)-b-poly(ε-caprolactone) (PCL-
b-PEEE-b-PCL) triblock copolymers.  
 
  
Figure 5.2. AFM height and phase micrographs of unmodified anhydride cured epoxy. 
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(a) 
  
(b) 
Figure 5.3. AFM height and phase micrographs of modified anhydride cured epoxies containing: (a) 3 
wt% M22N and (b) 10 wt% M22N. 
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(a) 
  
(b) 
Figure 5.4. AFM height and phase micrographs of modified anhydride cured epoxies containing: (a-b) 12 
wt% M22N. 
 
One thing that is not clear from the AFM images shown in Figures 5.3 and 5.4 is 
whether the worm-like micelles are connected in three dimensions. If they are, then a 
three-dimensional bicontinuous gyroid microstructure, as shown in Figure 5.7, would be 
present. This postulation suggests that the M22N modified epoxies have either a three-
dimensional biconuous gyroid microstructure, or a microstructure with irregular worm-
like micelles well dispersed in three dimensions. 
 
For the opaque epoxies containing M52N or M52, macro-phase separation was 
observed. Micron-sized phase-separated MAM particles were seen in the cured epoxies, 
as shown in Figure 5.5a-b. Within the MAM particles, an ordered nanostructure with 
wormlike micelles can be seen, which shows the immiscibility of the M52N and M52 in 
this epoxy system. Similar macro-phase separation of block copolymers in the same 
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anhydride cured DGEBA epoxies was also recently observed by Chong and Taylor 
[188] by using polystyrene-b-polybutadiene-b-poly(methyl methacrylate) (SBM) block 
copolymers as the block copolymer toughening agent. Occasional partly phase-inverted 
particles were also observed in the M52N or M52 modified epoxies upon the addition of 
൒7wt% of MAM, see Figure 5.5b, although these were relatively rare. It is also worth to 
point out that the size of the phase separated MAM particles increased linearly as the 
content of the M52N or M52 increased. The mean radius and the volume fraction of the 
MAM particles for the M52N or M52 modified epoxies (up to 7 wt%) are tabulated in 
Table 5.1. In addition, the dark rims found at the interface of the MAM particles and the 
epoxy matrix was not the result of debonding, since these dark rims were commonly 
observed in the TEM micrographs for CTBM modified epoxies by many researchers [9, 
127]. They are artefacts caused by the preparation of the AFM samples using 
microtoming. The interfacial adhesion between the MAM particles and the epoxy 
matrix was good, because cavitation of the micron-sized MAM particles was observed 
on the fracture surfaces of the M52N or M52 modified epoxies, as shown later in the 
fractographic section of the present chapter.     
 
Table 5.1. Volume fraction and mean radius of the MAM particles in the M52N or M52 modified 
anhydride cured epoxies (containing ൑ 7 wt% MAM modifiers). 
Content of MAM Radius (μm) Volume fraction (%) 
2 wt% M52 0.16 (±0.09) 3.50 (±1.4) 
3 wt% M52 0.25 (±0.10) 4.40 (±0.4) 
5 wt% M52 0.29 (±0.14) 6.40 (±1.5) 
7 wt% M52 0.41 (±0.23) 11.5 (±2.5) 
   
2 wt% M52N n/d n/d 
3 wt% M52N 0.25 (±0.09) 3.10 (±0.0) 
5 wt% M52N 0.33 (±0.12) 7.50 (±0.0) 
7 wt% M52N 0.38 (±0.18) 8.40 (±1.6) 
 
The addition of 10 wt% of M52N or M52 gave a co-continuous microstructure, 
in which epoxy-rich domains with MAM particles and phase-inverted MAM-rich 
domains with epoxy particles were observed, as shown in Figure 5.6a-b. The overview 
of the co-continuous microstructure of the 10 wt% M52N or M52 modified epoxies will 
be shown later in Section 5.7 when examining the fracture surfaces using FEG-SEM, 
because the area that the AFM can image in one micrograph is relatively small 
(maximum imaging area is 10 μm). Similar co-continuous microstructures have been 
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observed from ternary thermoplastic modified epoxies with small amount of block 
copolymer emulsifying agents [52, 189]. Phase inversion of the cured MAM modified 
epoxies was observed when 12 wt% of M52N or M52 were added to the epoxies. Here 
the microstructure showed a MAM matrix containing particles of epoxy which were in 
the range of 1.7-3.7 μm and 1.94-4.4 µm in radius, respectively (measured from the 
FEG-SEM micrographs shown in Section 5.7). However, no phase inversion was 
observed for any cured M22N modified epoxies even up to a high MAM content of 12 
wt%. This is consistent with the findings of other studies reporting phase inversion will 
not occur if full nanostructuration of the block copolymer modified thermosetting 
polymers is achieved, even up to very high block copolymer concentrations [33, 44-46, 
54, 109, 110].  
 
  
(a) 
  
(b) 
Figure 5.5. AFM height and phase micrographs of modified anhydride cured epoxies containing: (a) 7 
wt% M52N and (b) 7 wt% M52. 
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(a) 
  
(b) 
Figure 5.6. AFM phase micrographs of modified anhydride cured epoxies containing: (a) 10 wt% M52N 
and (b) 10 wt% M52. 
 
 
Figure 5.7. 3D bicontinuous gyroid microstructure of the M22N modified epoxy, after [190]. (For the 
ball-stick model in the schematic diagram, blue network denotes epoxy; green chain end denotes PMMA 
block; red chain component denotes PbuA block.) 
 
Epoxy network 
PMMA block 
PbuA block 
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5.3. Glass transition temperature and viscoelastic 
properties 
The storage modulus, E', and Tg values of the unmodified and MAM modified epoxies 
were measured using DMTA and are summarised in Table 5.2. The glass transition 
temperature of the unmodified epoxy was measured to be 161 °C. The addition of 
MAM only caused a slight reduction in the Tg of the epoxy, to 158 ±1 °C, and the extent 
of reduction caused by the three MAM block copolymers is approximately the same, see 
Figure 5.8a. The amount of the reduction of the Tg by the addition of the MAM block 
copolymers was approximately constant irrespective to the content of the block 
copolymers, see Table 5.2. These findings indicate that the plasticisation effect from the 
epoxy miscible PMMA blocks is limited in the MAM modified epoxies, and suggest 
that most of the PMMA were phase separated out from the epoxy matrix. This 
postulation is evident in Figure 5.8b, which shows plots of E' and tan δ versus 
temperature data with magnified tan δ axis units. Small shoulders on the tan δ curves 
were distinguished next to the main α relaxation of the epoxies. Since the α relaxation 
peak of PMMA was reported to be around 130 °C by Ritzenthaler et al. [12], these 
small shoulders indicate that PMMA was phase separated from the epoxy matrix, 
although the α relaxation peak of the PMMA blocks largely overlapped with the α 
relaxation of the epoxies.  
 
Complete phase separation of the PMMA in the MAM modified epoxies is 
supported by Galante et al. [13], who reported that the addition of PMMA in anhydride 
cured epoxies reduced the Tg of the epoxies if incomplete phase separation was occurred 
(no sign of the α relaxation of PMMA was seen by these researchers in their DMTA 
studies). Furthermore, it can be seen in Figure 5.8b that different extents of phase 
separation of PMMA occurred in the MAM modified epoxies. Phase separation of 
PMMA in the 7 wt% M22N modified epoxy is higher than the 7 wt% M52N modified 
epoxy and the 7 wt% M52 modified epoxy. This result confirms that M22N has a higher 
PMMA/PbuA ratio compared with M52N and M52. The phase separation of the PMMA 
blocks also confirms the observation of the core-shell structure of the worm-like 
micelles in the M22N modified epoxies. In addition, it was noticed that the α relaxation 
of the PbuA block was not observed in the DMTA results. The relaxation may be 
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masked by the β relaxation of the epoxy, because they occurred in the same range of 
temperature around -50 °C. 
 
The addition of MAM was found to reduce the E' of the epoxy, and the extent of 
the reduction increased as the addition of MAM increased, as shown in Table 5.2. The 
E' values of the M22N modified epoxies were found to be significantly higher than the 
E' of the M52N and M52 modified epoxies. These findings show that MAM modified 
epoxies with a nanostructure retained their rigidity better than the MAM modified 
epoxies with the larger-scale phase separation. This conclusion is also evident in Figure 
5.8a. The E' of the 7 wt% M22N modified epoxy was higher relative to the 7 wt% 
M52N or M52 modified epoxies until a temperature of 127 °C was reached, suggesting 
that nanostructuration in epoxy can significantly alleviate the plasticisation effect. 
 
The crosslink density of the unmodified anhydride cured epoxies was also 
estimated from the results of the DMTA using Equation 3.1. A value of 410 (±72) g/mol 
for the number average molecular weight, Mnc, was measured. Based on the values of 
the Mnc reported in the literature [5, 123, 164-166] for epoxies used as matrix of fibre-
reinforced composites and casting compounds, the value of Mnc = 410 g/mol indicates 
that the anhydride cured epoxy has an intermediate crosslink density. 
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Table 5.2. Glass transition temperature, Tg, room temperature storage modulus, E', room temperature 
elastic modulus, E, and room temperature tensile strength, σts, of the unmodified anhydride cured epoxy 
and anhydride cured epoxies containing different amounts of MAM modifiers. 
M22N Tg (˚C) E' (GPa) E (GPa) σts (MPa) 
Unmodified 161 3.38 2.90 (±0.02) 81 (±4) 
2 wt% M22N 158 3.35 2.87 (±0.05) 76 (±5) 
3 wt% M22N 158 3.07 2.85 (±0.03) 75 (±3) 
5 wt% M22N 158 2.84 2.80 (±0.02) 75 (±5) 
7 wt% M22N 158 3.15 2.80 (±0.04) 74 (±4) 
10 wt% M22N 154 3.06 2.82 (±0.03) 76 (±1) 
12 wt% M22N 159 3.13 2.69 (±0.05) 76 (±0) 
M52 Tg (˚C) E' (GPa) E (GPa) σts (MPa) 
Unmodified 161 3.38 2.90 (±0.02) 81 (±4) 
2 wt% M52 157 3.21 2.78 (±0.08) 74 (±5) 
3 wt% M52 157 3.00 2.81 (±0.10) 77 (±3) 
5 wt% M52 156 2.86 2.74 (±0.03) 74 (±3) 
7 wt% M52 157 2.65 2.60 (±0.03) 68 (±4) 
10 wt% M52 159 2.56 2.33 (±0.04) 29 (±1) 
12 wt% M52 158 2.59 2.25 (±0.07) 23(±2) 
M52N  Tg (˚C) E' (GPa) E (GPa) σts (MPa) 
Unmodified 161 3.38 2.90 (±0.02) 81 (±4) 
2 wt% M52N 159 3.37 2.81 (±0.03) 68 (±5) 
3 wt% M52N 156 2.91 2.81 (±0.08) 76 (±1) 
5 wt% M52N 159 2.68 2.69 (±0.05) 73 (±2) 
7 wt% M52N 158 2.79 2.63 (±0.05) 72 (±1) 
10 wt% M52N 159 2.54 2.32 (±0.05) 29 (±1) 
12 wt% M52N 159 2899 2.18 (±0.02) 24 (±1) 
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(a) 
 
(b) 
Figure 5.8. Plots of storage modulus, E', and loss factor, tan δ, versus temperature, for the unmodified 
anhydride cured epoxies and the anhydride cured epoxies containing 7 wt% of different types of MAM. 
(a) and (b) are the same, but with different axis scale of the tan δ. 
 
5.4 Tensile properties 
The mean values of the elastic modulus, E, and tensile strength, σts, of the MAM 
modified epoxies are summarised in Table 5.2, and representative tensile engineering 
stress-strain curves were plotted in Figure 5.9. A modulus of 2.9 GPa and a tensile 
strength of 81 MPa were measured for the unmodified epoxy. The addition of MAM 
block copolymers reduced the modulus and tensile strength of the epoxies, but the 
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extent of the reduction was dependent on the block copolymer type. It was found that 
the M22N modified epoxies have a significantly higher modulus and tensile strength 
compared to the M52N and M52 modified epoxies, as shown in Table 5.2. For example, 
the values of the modulus and tensile strength of epoxy containing 10 wt% M22N are 
2.82 GPa and 76 MPa, respectively, which are comparable to the modulus and tensile 
strength of the epoxies containing 2 wt% of M52N or M52. These results indicate that 
either there is better adhesion between the M22N and the epoxy than for the other 
MAM block copolymers, or the morphology of the M22N modified epoxies leads to 
less reduction in the modulus and the tensile strength than the micron-sized particulate 
structure seen for the M52N or M52 modified epoxies. The first explanation is unlikely 
because examination of the fracture surfaces indicates very good adhesion between the 
M52N or M52 particles with the epoxy matrix, and thus it appears that the small 
magnitude of the reduction is due to the nanostructured worm-like micelles or 
bicontinuous gyroid microstructure.  Similar results were reported by Liu et al. [28, 29]. 
These researchers observed no or minimum reduction of the modulus and the tensile 
strength in nanostructured epoxies containing 10 wt% of poly(ethylene-alt-propylene)-
b-poly(ethylene oxide) (PEP-PEO) block copolymers. The significant modulus and 
tensile strength reduction caused by the macro-phase separated M52N and M52 block 
copolymers suggests that the macro-phase separated M52N and M52 particles has 
considerably lower modulus and strength than the epoxy matrix. This is clearly 
demonstrated when phase inversion occurs, as the measured modulus and tensile 
strength dropped dramatically (to about 2.2-2.3 GPa and 23-29 MPa respectively) upon 
the addition of 10 or 12 wt% of M52N or M52, see Table 5.2. When phase inversion 
occurs, the soft MAM block copolymers becomes the continuous phase, so a large drop 
in the modulus and strength would be expected.  
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Figure 5.9. Plots of tensile engineering stress-strain curves for the unmodified anhydride cured epoxy and 
the anhydride cured epoxies containing 7 wt% of different types of MAM. 
 
5.5 Compressive properties 
Mean values of the compressive modulus, Ec, compressive true yield stress/strain, 
σyc/εyc, and compressive true fracture stress/strain, σfc/εfc for the unmodified and MAM 
modified epoxies are summarised in Table 5.3. The values of Ec obtained were slightly 
smaller than the E from the tensile tests shown in the previous section, due to the 
compliance correction and frictional effects in the plane strain compression (PSC) test 
[153]. Nevertheless, good agreement was found between the results of the PSC tests and 
the uniaxial tensile tests. The addition of MAM reduced the modulus, and this effect is 
more pronounced in the M52N or M52 modified epoxies than for the M22N modified 
epoxies with nanostructured morphology. The compressive yield stress is notably higher 
than the tensile yield stress due to the constraint in the PSC test and the pressure 
dependence of yielding [191], although the tensile yield stress of the epoxies could not 
be measured because of the brittleness, see Figure 5.9. The compressive yield stress data 
in Table 5.3 show that the addition of MAM block copolymers reduced the yield stress 
of the epoxies, but this reduction was different for the different types of the MAM block 
copolymers. The M22N modified epoxies tend to have a significantly higher yield stress 
than the corresponding M52N or M52 modified epoxies. These PSC results again 
indicate that the nanostructure in the M22N modified epoxies effectively optimises the 
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interaction between the epoxy matrix and the modifier to minimise the softening effect 
introduced by the presence of a second soft phase. 
 
Representative compressive true stress-strain curves for the unmodified epoxy, 7 
wt% M22N modified epoxy, 7 wt% M52N modified epoxy and 7 wt% M52 modified 
epoxy are shown in Figure 5.10. These curves clearly show three different stages of 
deformation. Firstly, there is a relatively linear (elastic) region with a steep rise in stress 
at relatively small strains, until the yield point is reached. Secondly with further loading, 
strain softening is observed. Finally, strain hardening is observed until the specimens 
fracture. The sudden step changes on the stress-strain curves in Figure 5.10 were due to 
cracking of the specimens during the PSC tests. 
 
Figure 5.10 showed that the degree of strain softening (i.e. the magnitude of the 
stress drop after yield) was reduced by the addition of M22N relative to the unmodified 
epoxy. This suggests that the M22N suppresses the macroscopic inhomogeneous 
yielding and strain localisation in the epoxy matrix [76]. However, in addition to the 
aforementioned suggestion, the reduction of the strain softening observed for the M22N 
modified epoxies can also indicate the promotion of nanoscale microscopic shear band 
yielding and highly localised strain localisation in the epoxy matrix. It is possible that 
the large interaction region (disrupted network) caused by the nanoscale dispersed 
worm-like micelles or the bicontinuous gyroid network may promote macroscopically 
homogeneous but microscopically inhomogeneous plastic deformation in the M22N 
modified epoxies. A more significant reduction of strain softening is found for the 7 
wt% M52N modified epoxy and 7 wt% M52 modified epoxy. For these epoxies, only a 
very small amount of strain softening can be seen in the compressive true stress-strain 
curves, see Figure 5.10, which suggests that the addition of the M52N or M52 gives 
more significant suppression of the macroscopic inhomogeneous yielding and strain 
localisation in the epoxy matrix than the M22N. Indeed, the suppression of the 
inhomogeneous yielding and strain localisation in the epoxy matrix of the M52N or 
M52 modified epoxies was later confirmed by the optical microscopy results, in which 
shear band yielding was not observed in the plastic deformation zone ahead of the sub-
critically loaded crack tip in the 7 wt% M52N modified epoxy and 7 wt% M52 
modified epoxy. The disappearance of the strain softening zone in the M52N or M52 
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modified epoxies with micron-sized particulate structure cannot be explained by the 
highly localised shear band yielding and strain localisation, because of the large size of 
the phase separated MAM particles.  
 
One possible explanation for the disappearance of the strain softening in the 
M52N/M52 modified epoxies is the semi-rigid M52N/M52 particles may behave as if 
the rigid thermoplastic particles, although cavitation of the M52N/M52 particles similar 
to the rubber particles was observed (shown later in the section of fractography). 
However, the wall of the cavities caused by the cavitation of the semi-rigid M52N/M52 
particles was coated with a layer of the M52N/M52 block copolymers, and this layer of 
the M52N/M52 may still be able to support loading and stress. Hence, the maximum 
stress concentration found in the M52N/M52 modified epoxies may be at the poles of 
the semi-rigid M52N/M52 particles similar to rigid particles in polymer matrix rather 
than at the equator similar to soft particles in polymer matrix [192]. As a result, shear 
bands may not be able to form in the M52N/M52 modified epoxies, and therefore the 
M52N/M52 particles suppressed the strain softening of the epoxies.    
 
The presence of the MAM did not significantly reduce the fracture stress and 
strain of the M22N modified epoxies, see Table 5.3. However, the fracture stress of the 
M52N or M52 modified epoxies was significantly reduced, although the fracture strain 
was relatively unchanged. These results indicate that the M52N or M52 modified 
epoxies exhibit less strain hardening. The largest reduction of the fracture stress and 
strain in the M52N or M52 modified epoxies occurred in the epoxies with phase 
inversion, due to the rubbery matrix.  
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Table 5.3. Room temperature values of compressive modulus, Ec, compressive true yield strength, σyc, 
compressive true yield strain, εyc, compressive true fracture strength, σfc, compressive true fracture strain, 
εfc, and fracture properties for the unmodified anhydride cured epoxy and anhydride cured epoxies 
containing different amount and types of MAM modifiers. 
M22N Ec (GPa) σyc (MPa)* σfc (MPa) εfc KIc (MPa·m1/2) GIc (J/m2) 
Unmodified 2.42-2.55 107-107 261-266 0.89-0.91 0.60 (±0.03) 102 (±8) 
2 wt% M22N 2.23-2.83 106-106 227-278 0.86-0.89 0.73 (±0.01) 162 (±12) 
3 wt% M22N 2.09-2.52 105-106 248-280 0.88-0.88 0.73 (±0.04) 182 (±2) 
5 wt% M22N 2.34-2.48 103-104 278-285 0.90-0.91 0.91 (±0.07) 245 (±38) 
7 wt% M22N 2.21-2.29 103-104 247-302 0.84-0.87 1.05 (±0.05) 340 (+16) 
10 wt% M22N 1.76-1.81 100-101 278-298 0.88-0.92 1.22 (±0.05) 407 {±32) 
12 wt% M22N 1.80-1.83 98-99 269-286 0.94-0.96 1.22 (±0.04) 450 (±19) 
  
M52 Ec (GPa) σyc (MPa)* σfc (MPa)* εfc* KIc (MPa·m1/2) GIc (J/m2) 
Unmodified 2.42-2.55 107-107 261-266 0.89-0.91  0.60 (±0.03) 102 (±8) 
2 wt% M52 2.50-2.54 105-105 183-211 0.86-0.86 0.69 (±0.02) 136 (±3) 
3 wt% M52 2.68-2.81 102-103 209-234 0.84-0.86  0.79 (±0.03) 179 (±13) 
5 wt% M52 1.64-1.90 98-99 184-201 0.80-0.84 0.87 (±0.05) 234 (±33) 
7 wt% M52 1.52-1.64 94-94 232-239 0.84-0.86 0.92 (±0.06) 278 (±32) 
10 wt% M52 1.51-1.55 96-96 111-118 0.68-0.70 2.16 (±0.25) 1796 (±92) 
12 wt% M52 1.22-1.27 84-90 35-50 0.45-0.54 0.59 (±0.12) 109 (±3) 
  
M52N Ec (GPa) σyc (MPa)* σfc (MPa)* εfc* KIc (MPa·m1/2) GIc (J/m2) 
Unmodified 2.42-2.55 107-107 261-266 0.89-0.91 0.60 (±0.03) 102 (±8) 
2 wt% M52N 2.31-2.75 105-105 222-228 0.84-0.87 0.74 (±0.02) 165 (±12) 
3 wt% M52N 1.76-1.98 102-103 203-229 0.84-0.86 0.85 (±0.03) 233 (±24) 
5 wt% M52N 1.60-1.79 99-99 210-213 0.80-0.86 0.84 (±0.02) 218 (±2) 
7 wt% M52N 1.38-1.60 94-96 217-248 0.79-0.87 0.93 (±0.04) 303 (±18) 
10 wt% M52N 1.44-1.44 93-94 126-127 0.73-0.74 2.01 (±0.20) 1466 (±294) 
12 wt% M52N 1.07-1.23 86-91 39-48 0.54-0.55 0.57 (±0.02) 89 (±18) 
*The values of the Ec, σyc, σfc, and εfc are given by range. 
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Figure 5.10. Plots of compressive true stress-strain curves for the unmodified anhydride cured epoxy and 
the anhydride cured epoxies containing 7 wt% of different types of MAM. 
 
5.6 Fracture properties 
The Mode I critical stress intensity factor, KIc, and Mode I fracture energy, GIc, of the 
unmodified and MAM modified epoxies are summarised in Table 5.3. Graphs of the KIc 
and GIc versus the concentration of the MAM in the epoxies, with the corresponding 
inclusion size, are shown in Figures 5.11 to 5.16. The KIc and GIc for the unmodified 
epoxy were measured as 0.60 MPam1/2 and 102 J/m2 respectively. These values are in 
good agreement with the values reported by Johnsen et al [39] and Blackman et al [193] 
for this particular anhydride cured epoxy using the same curing schedule.  
 
The addition of MAM gave a significant improvement in the toughness. For the 
M22N modified epoxy, the values of KIc and GIc increased linearly with the increasing 
concentration of MAM, see Figures 5.11 and 5.12. Maximum values of KIc = 1.22 
MPa·m1/2 and GIc = 450 J/m2 were measured upon the addition of 12 wt% M22N, which 
are 100% and 350% higher than the corresponding values of the unmodified epoxy. For 
the M52N/M52 modified epoxies, the values of KIc and GIc increased linearly up to a 
content of 7 wt%, see Figures 5.13-5.14 and 5.15-5.16, respectively. After adding 7 
wt% of MAM, for example, maximum values of KIc = 0.93 MPa·m1/2 and GIc = 303 
J/m2 were measured for the M52N modified epoxy. The data in Table 5.3 show that the 
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toughness enhancements of all the MAM modified epoxies are approximately equal, 
although the M52N and M52 may have a higher effective PbuA/PMMA block ratio.  
 
The exception was for the partly phase-inverted epoxies, where MAM-rich 
domains and epoxy-rich domains were present. When a co-continuous microstructure 
was formed in the M52N modified epoxies and M52 modified epoxies, at 10 wt%, there 
was a large increase in the measured toughness, to KIc = 2.16 MPam1/2 and GIc = 1796 
J/m2 for the M52 modified epoxy, for example. The experimental scatter in the 
measured values also increased because of the variability of the microstructure at the 
crack tip. At the highest content used, of 12 wt%, the toughness dropped dramatically, 
to KIc = 0.59 MPa·m1/2 and GIc = 109 J/m2 for the M52 modified epoxy. These values 
are approximately equal to those for the unmodified epoxy.  
 
This type of behaviour has been reported in the literature. Pascault and Williams 
[52] stated that “the presence of this maximum seems to be related to systems in which 
incipient phase-inverted structures exhibit lack of adhesion between both phases and a 
consequently low fracture toughness value. In these cases, bicontinuous ... 
morphologies lead to a better fracture resistance”. Indeed, Yoon et al [15] showed such 
a maximum toughness for an epoxy modified using poly(ether sulfone) (PES) with poor 
adhesion, but a monotonic increasing toughness for PES with good adhesion between 
the phases. McGrail & Street [194] and Zheng et al [195] showed similar effects with 
other thermoplastic-modified thermoset polymers. However, the adhesion between the 
phases in the present study is clearly good, as shown by the cavitation of the phase 
separated micron-sized particles of M52N and M52.  
 
Hence, it is unclear at the moment that why a maximum of toughness was 
observed in the M52N/M52 modified epoxies with a co-continuous microstructure, but 
a significant toughness drop was found in the complete phase-inverted M52N/M52 
modified epoxies. An attempt was done later in section 5.10 to give an explaintion of 
the toughness maximum observed in the M52N/M52 modified epoxies with the co-
continuous microstructure, but there is little understanding at present for the significant 
toughness drop found at the complete phase-inverted M52N/M52 modified epoxies.    
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Figure 5.11. Mode I fracture energy, GIc, of the M22N modified anhydride cured epoxies versus the 
content of M22N.   
 
 
Figure 5.12. Mode I critical stress intensity factor, KIc, of the M22N modified anhydride cured epoxies 
versus the content of M22N. 
0
50
100
150
200
250
300
350
400
450
500
0 2 4 6 8 10 12 14
Fr
ac
tu
re
 e
ne
rg
y,
 G
Ic
(J
/m
2 )
Content of M22N (wt%)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 2 4 6 8 10 12 14
C
ri
tic
al
 st
re
ss
 in
te
ns
ity
 fa
ct
or
, K
Ic
(M
Pa
·m
1/
2 )
Content of M22N (wt%)
165 
 
 
Figure 5.13. Mode I fracture energy, GIc, of M52N modified anhydride cured epoxies versus the content 
of M52N. 
 
 
Figure 5.14. Mode I critical stress intensity factor, KIc, of the M52N modified anhydride cured epoxies 
versus the content of M52N. 
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Figure 5.15. Mode I fracture energy, GIc, of M52 modified anhydride cured epoxies versus the content of 
M52. 
 
 
Figure 5.16. Mode I critical stress intensity factor, KIc, of the M52 modified anhydride cured epoxies 
versus the content of M52. 
 
5.7 Fractography of bulk epoxies 
FEG-SEM micrographs of the fracture surface of the unmodified and MAM modified 
epoxies, taken from the plastic deformation zone ahead of the crack tip, are shown in 
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Figures 5.17 to 5.25. The fracture surface of the unmodified epoxy was relatively 
smooth and mirror-like, see Figure 5.17. The small scale riverline marks on the fracture 
surface are caused by the presence of some local mixed-mode I/III stresses [88]. This 
multi-planar nature of the fracture surface is a way of absorbing excess energy in brittle 
thermosets [56].  
 
 
Figure 5.17. FEG-SEM image of the fracture surface of the unmodified anhydride cured epoxies, taken at 
the vicinity of the tip of the pre-crack. 
 
5.7.1 M22N modified epoxies  
For the M22N modified epoxies, although the KIc and GIc values were increased 
significantly by adding M22N to the epoxies, the fracture surfaces of the M22N 
modified epoxies still had a relatively brittle appearance in the low magnification 
micrographs. This is due to the small size and nanostructuration of the M22N phase, as 
the toughening mechanisms occur on the nanometre scale. The topographic features of 
the M22N modified epoxies could only be seen in high resolution FEG-SEM 
micrographs, see Figure 5.18. The fracture surfaces of the 3 wt% M22N modified epoxy 
showed more plastic deformation and a rougher surface, see Figure 5.18(a), compared 
to the unmodified epoxy. Small scale matrix tearing was observed and many small 
cavities with a size ranging from 7 to 16 nm in radius were found well dispersed on the 
fracture surfaces. Figure 5.18(b) shows the fracture surface of the 10 wt% M22N 
modified epoxy, which was considerably rougher than the fracture surface of the 3 wt% 
M22N modified epoxy. This indicates that more plastic deformation occurred. This 
Crack direction
Pre-crack 
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observation is consistent with the higher KIc and GIc values of the 10 wt% M22N 
modified epoxy. The small cavities were also observed on the fracture surface of the 10 
wt% M22N modified epoxy, but the size and quantity of these cavities were almost 
unchanged compared to the 3 wt% M22N modified epoxy. It is worth noting that these 
cavities were not an artefact of the coating process used prior to FEG-SEM analysis, 
because they were not observed on other coated non-M22N modified epoxy samples, 
and the presence of these cavities was independent of the coating material used. Similar 
nano-cavities were found in other studies, e.g. [39, 56], where nanometre-sized particles 
debonded from an epoxy matrix. Fracture surfaces similar to the fracture surfaces of the 
M22N modified epoxies were also reported by Wu et al. [122] for block copolymer 
modified epoxies with dispersed worm-like micelles. These researchers also reported 
the observation of matrix tearing and a uniform dispersion of cavities. 
 
The cavities observed in the nanostructured epoxies containing M22N suggest 
that cavitation may be one of the toughening mechanisms that contribute to the 
increased toughness of these nanostructured epoxies. However, the size of these cavities 
(of 7-16 nm in radius) is very similar to that of the features seem in the AFM images 
(which were 12-26 nm in width). Thus, even if cavitation does occur, the change in 
dimensions is very small and so the increase in toughness will be small too. 
Alternatively, these cavities may be caused by the ligaments of the bicontinuous gyroid 
structure fracturing below the fracture surface, and then pulling out. A similar pull-out 
effect is observed using short fibres or carbon nanotubes, e.g. [196]. The pull-out 
mechanism was also employed to explain the cavities on the fracture surface of block 
copolymer modified epoxies with dispersed worm-like micelles by Wu et al. [122]. 
However, the independence of the size and the quantity of the cavities on the 
nanostructured epoxies also implies that cavitation or pull-out will not be the chief 
toughening mechanism responsible for the increased toughness of the M22N modified 
epoxies.  
 
The other toughening mechanism, which was suggested by the PSC data, is 
shear band yielding. However, this mechanism leaves no distinct features on the fracture 
surfaces, and can only be identified using optical microscopy, as discussed below. 
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(a) 
 
(b) 
Figure 5.18. FEG-SEM images of the fracture surface of the anhydride cured epoxies containing (a) 3 
wt% M22N and (b) 10 wt% M22N, taken at the vicinity of the tip of the pre-crack. White arrows point to 
some cavities. 
 
5.7.2 M52N and M52 modified epoxies 
The fracture surfaces of the M52N and M52 modified epoxies are similar to those of the 
traditional micron-sized rubber/thermoplastic modified epoxies reported in the 
literature, e.g. [3, 9, 15, 19, 22, 102, 194, 195, 197]. Figures 5.19 and 5.20 show that the 
fracture surfaces of the 5 wt% M52N modified epoxy and the 5 wt% M52 modified 
Crack direction 
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epoxy are similar. The fracture surfaces are very rough and multi-planar, with evenly 
dispersed micron-sized cavities. These cavities show that cavitation of the MAM 
particles has occurred, although the cavities are generally relatively shallow and lined 
with a layer of MAM block copolymer. The size of the cavities was found to increase 
with the increasing concentration of M52N and M52, which is in good agreement with 
the AFM observation that the size of the phase separated particles increases as the 
concentration of M52N or M52 increases. Comparing the mean radius of the cavities 
with that of the particles observed using AFM shows that the mean size of the MAM 
cavities is larger than the mean size of the original particle. The mean radius of the 
cavities and the volume fraction of the cavities were tabulated in Table 5.4. These 
findings show that plastic void growth was happened after the cavitation process. 
Hence, cavitation and subsequent plastic void growth may be the toughening 
mechanisms responsible for the enhancement of the fracture toughness in the epoxies 
containing up to 7 wt% M52N or M52. 
 
Table 5.4. Volume fraction and mean radius of the cavities on the fracture surface of epoxies containing 
different amount of M52N or M52 modifiers (up to 7 wt%).  
Content of MAM Cavity radius (μm) Cavity volume fraction (%) 
2 wt% M52 0.35 (±0.11) 10.4 (±1.6) 
3 wt% M52 0.39 (±0.13) 14.1 (±1.8) 
5 wt% M52 0.48 (±0.17) 19.5 (±1.4) 
7 wt% M52 0.56 (±0.25) 19.4 (±2.3) 
   
2 wt% M52N N/A N/A 
3 wt% M52N 0.35 (±0.15) 8.80 (±0.7) 
5 wt% M52N 0.48 (±0.19) 18.7 (±2.4) 
7 wt% M52N 0.64 (±0.29) 25.2 (±1.7) 
 
In addition, from the high magnification insets of Figures 5.19 and 5.20, the 
lining MAM materials of the cavities show that the dispersed MAM particles appear to 
also have a nanostructure. These nanostructured block copolymer micro-particles have 
been observed previously in a binary block copolymer-solvent blend by Lu et al. [198]. 
Moreover, several phase separated nanostructure within macrophase separated block 
copolymer spherical particles have been predicted using a self-consistent field 
simulation by Fraaije and Sevink [199]. One of the predictions, see Figure 5.21, has a 
good agreement with the observation of the texture of the cavities on the fracture 
surfaces of the M52N or M52 modified epoxies (containing up 7 wt% M52N or M52), 
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and therefore confirms the observation of a phase separated nanostructure within the 
macrophase separated MAM particles. 
 
 
Figure 5.19. FEG-SEM micrographs of the fracture surface of the 5 wt% M52N modified anhydride cured 
epoxy, taken at the vicinity of the tip of the pre-crack. 
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Figure 5.20. FEG-SEM micrographs of the fracture surface of the 5 wt% M52 modified anhydride cured 
epoxy, taken at the vicinity of the tip of the pre-crack. 
 
 
Figure 5.21. The predicted morphology of AB diblock copolymer surfactant nano-droplet with a 
solvophobic block A and solvophilic block B ratio of 0.15, adapted (isosurfaces partly removed for ease 
of visualisation) from [199]. 
 
Phase inversion was observed in the modified epoxies containing more than 7 
wt% M52N or M52. Figure 5.22 shows the fracture surface of the partly phase inverted 
epoxy containing 10 wt% M52N, on which both the MAM-rich domains and the epoxy-
rich domains can be clearly seen. The microstructure is co-continuous on a macro-scale. 
From the higher magnification inset of Figure 5.22, it can be seen that brittle epoxy 
particles were evenly dispersed in the MAM-rich domain, while well dispersed MAM 
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particles were observed in the epoxy-rich domain. The same features were also 
observed on the fracture surface of the partly phase inverted 10 wt% M52 modified 
epoxy, as shown in Figure 5.23. The fracture surface of the 10 wt% M52 modified 
epoxy is almost identical to that of the 10 wt% M52N modified epoxy. When complete 
phase inversion occurs, the materal has a MAM-rich matrix with epoxy-rich particles, 
see Figure 5.24. Here the fracture surface shows the features typical of a phase-inverted 
epoxy-rubber blend, of deformation of the soft matrix phase with no effect on the harder 
epoxy particles.  
 
 
Figure 5.22. FEG-SEM micrographs of the fracture surface of 10 wt% M52N modified anhydride cured 
epoxy. Dark colour region: epoxy-rich domain, Light colour region: MAM-rich domain. 
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Figure 5.23. FEG-SEM micrographs of the fracture surface of 10 wt% M52 modified anhydride cured 
epoxy. Dark colour region: MAM-rich domain, Light colour region: epoxy-rich domain. 
 
 
Figure 5.24. FEM-SEM micrograph of the fracture surface of the phase-inverted 12 wt% M52N modified 
anhydride cured epoxy.  
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5.8 Sub-surface analysis of the DN-4PB specimens 
Based on knowledge of linear elastic fracture mechanics (LEFM), the fracture 
toughness of a material is closely related to the corresponding plastic deformation zone 
in the immediate vicinity of the crack tip of the material. Hence, it is important to study 
the plastic deformation zone ahead of the crack tip. In this study, the investigation of the 
plastic deformation zone of the MAM modified epoxies was conducted by examining 
sub-critically loaded DN-4PB specimens using transmission optical microscopy (TOM). 
The TOM images of the sub-critically loaded crack tip for a set of MAM modified 
epoxies are shown in Figure 5.25. Figure 5.25a-b shows that only a very small plastic 
deformation zone was observed for the unmodified epoxy using both transmitted and 
cross-polarised light. This small plastic deformation zone is consistent with the low 
toughness measured in the SENB tests.  
 
The epoxies modified with the M22N block copolymer exhibit significantly 
larger plastic deformation zones. For example, a large feather-like damage zone was 
observed in front of the crack tip in epoxy modified with 7 wt% M22N using TOM 
under transmitted light, see Figure 5.25c. This feather-like damage zone has been 
reported previously from other block copolymer modified epoxies with dispersed worm-
like micelles in the literature [28]. It can be ascribed to the presence of crack-branching 
and dilation bands. Shear band yielding was also observed in the feather-like damage 
zone under cross-polarised light, as shown in Figure 5.25d. This observation shows that 
shear band yielding must have occurred during fracture and contributed to the 
improvement in fracture toughness. This agrees with the results of the PSC tests, where 
strain softening was observed after yielding, which indicates that shear band yielding 
would be expected. Hence, crack-branching and shear band yielding may be the 
toughening mechanisms which contribute to the toughness improvement of the M22N 
modified epoxies.  
 
For epoxies modified with the M52N or M52 block copolymers, large circular 
damage zones were observed using TOM under transmitted light, see Figures 5.25e and 
5.25g. The size of both damage zones was similar, which agrees well with the similar 
fracture toughness measured using SENB tests for these MAM modified epoxies. 
Similar circular damage zones have been reported previously by Pearson and Yee [22]. 
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These researchers found that these circular damage zones are only comprised of 
internally cavitated particles. This suggests that cavitation must have occurred in front 
of the crack tip to dissipate the excess strain energy [23], which agrees well with the 
observation on the fracture surfaces of the M52N modified epoxies and the M52 
modified epoxies. Further, little or no birefringence was observed in front of the crack 
tip of these MAM modified epoxies using TOM under cross-polarised light, see Figures 
5.25f and 5.25h. These results are in good agreement with the similar finding reported 
by Pearson and Yee [22], and also consistent with the disappearance of strain softening 
observed from the PSC tests shown in the previous section for the 7 wt% M52N 
modified epoxy and the 7 wt% M52 modified epoxy. Hence, these results confirm that 
cavitation must be one of the toughening mechanisms responsible for the toughness 
improvement in these macrophase separated MAM particle modified epoxies, but shear 
band yielding may not occur.  
 
 
Figure 5.25. TOM images of the sub-critically loaded crack tip in the plane strain region of the DN-4PB 
specimens under transmitted light and cross polarised light, respectively. (a)-(b) unmodified epoxy; (c)-
(d) 7 wt% M22N modified epoxy; (e)-(f) 7 wt% M52N modified epoxy; (g)-(h) 7 wt% M52 modified 
epoxy. 
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5.9 Summary of the bulk epoxies  
5.9.1 M22N modified epoxies 
5.9.1.1 Morphology-property relationship 
From the results of the AFM and FEG-SEM analysis, the microstructure of the M22N 
modified epoxies may be attributed to either worm-like micelles of PbuA-PMMA or a 
three-dimensional bicontinuous gyroid microstructure, with a core/shell structure. The 
glass transition temperature and the mechanical properties of the M22N modified 
epoxies (Tg, E, Ec, σts, and σyc) were only slightly reduced relative to the unmodified 
epoxy, which is consistent with other studies on block copolymer modified epoxies with 
nanostrutures [28, 29, 35, 36, 200]. It is suggested that the preservation of the Tg, E, Ec, 
σts, and σyc values of the M22N modified epoxies could be due to the formation of the 
nanostructure, which optimises the interactions between the epoxy matrix and the 
M22N.  
 
5.9.1.2 Toughening mechanisms of M22N modified epoxies 
The principal toughening mechanism responsible for the toughness improvement of the 
nanostructured M22N modified epoxies appears to be shear band yielding, and the 
increased matrix ductility caused by the plasticising effect of the addition of M22N. 
Although the addition of M22N suppresses the strain softening after yield, and hence 
the macroscopic inhomogeneous yielding and strain localisation in the epoxies, there is 
still significant strain softening observed in the PSC tests. TOM of the DN-4PB 
specimens using cross-polarised light showed a birefringent zone. This indicates that 
shear band yielding has occurred. Other minor mechanisms caused the cavities seen on 
the fracture surfaces and the crack branching at the crack tip should also contribute to 
the toughness improvement of the M22N modified epoxies. However, the contribution 
of these mechanisms to the overall toughening effect will be small.  
 
5.9.2 M52N/M52 modified epoxies 
5.9.2.1 Morphology-property relationship 
The microstructure, the mechanical properties, and the toughening mechanisms of the 
M52N and the M52 modified epoxies were also investigated. These MAM block 
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copolymers were found to phase separate to form evenly dispersed micron-sized 
spherical particles, with an ordered nanostructure. This microstructure is similar to the 
traditional thermoplastic modified epoxies reported in the literature [3]. From the 
DMTA results, the Tg of the M52N modified epoxies and the M52 modified epoxies 
was found to be almost unchanged after the addition of M52N or M52. This suggests 
that the relatively immiscible M52N and M52 fully phase separate during the 
polymerisation process of the epoxies. The values of E, Ec, σts, and σyc showed that the 
addition of the relatively soft MAM reduced these mechanical properties. However, 
large decreases in the fracture stress and strain to failure were only seen when a phase-
inverted microstructure was formed using 12 wt% of M52N or M52. 
  
5.9.2.2 Toughening mechanisms of M52N/M52 modified epoxies 
The addition of the M52N or the M52 was found to suppress strain softening, and hence 
inhomogeneous yielding and strain localisation, in the PSC results. This finding was 
confirmed by the results of the plastic deformation zone examination using TOM under 
cross-polarised light after the DN-4PB tests, where no shear band yielding was 
observed. Hence, shear band yielding is not a toughening mechanism for these 
materials.  
 
Well dispersed cavities were observed on the fracture surfaces of the M52N and 
the M52 modified epoxies. Based on the subcritical plastic deformation zone study and 
the fracture surface study, the major toughening mechanisms were attributed to 
cavitation of the MAM particles and subsequent plastic void growth for epoxies 
containing up to 7 wt% of M52N or M52. This plastic void growth process absorbs 
energy, hence increasing the toughness. Indeed, the toughening increment due to the 
plastic void growth can be predicted using the work of Kinloch and co-workers [39, 56, 
196]. The prediction is presented in Chapter 9, and shows that this mechanism can 
indeed give such a toughening effect. 
 
At higher concentrations of M52N or M52, at 10 wt% and above, phase 
inversion occurred to give a co-continuous or fully phase-inverted microstructure. This 
resulted in a sharp increase and subsequent decrease in the measured toughness. 
Previous work using thermoplastic modification on thermoset polymers has shown a 
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similar effect of a maximum toughness when a co-continuous structure is formed, as 
discussed above. However, there has been less discussion of the toughening 
mechanisms for such a microstructure, as these are not readily observed. Furthermore, 
there is also little understanding at present for the significant increase of toughness for 
the epoxies with a co-continuous microstructure and the low toughness found for the 
epoxies with a complete phase inverted mictostructure.  
 
Based on the results of the current study, the significant toughness enhancement 
provided by the co-continuous morphology comes from the interconnected epoxy-rich 
and MAM-rich domains which form a hard and soft composite-like structure. When the 
crack propagates through this structure, see Figure 5.26, the brittle epoxy phase 
fractures and the MAM phase was observed to span across the fracture surfaces. The 
MAM can be expected to possess a low yield stress and relatively high ductility. Hence 
as the crack opens, the MAM will deform and absorb energy, thus increasing the 
measured toughness, before the bridging ligaments fracture. Note that the epoxy-rich 
domains in the co-continuous structure contain MAM particles which will undergo 
cavitation and plastic void growth, and these processes will also contribute to the 
toughening effect. In addition, owing to the interconnected structure of the two domains 
and the low yield stress of the MAM, the plastic deformation zone at the crack tip may 
be greatly increased in size, with a consequent increase in toughness. However, it is still 
unclear why the fracture toughness of the complete phase-inverted M52N/M52 
modified epoxies is as low as the unmodified epoxies. Little research has been done on 
investigating the properties and toughening mechanisms of phase inverted epoxies. This 
could be a subject of future study.  
 
 
Figure 5.26. TOM image of the pre-cracked DN-4PB sample modified with 10 wt% M52N. 
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5.10 Properties of fibre-reinforced composites 
Quasi-isotropic carbon fibre reinforced polymer (CFRP) composites were prepared with 
different epoxy matrix in the present study. Three different types of CFRP-composites 
were prepared. They were named according to the matrix formulation, for example, 
unmodified composite (i.e. CFRP-composite with unmodified epoxy as the matrix) and 
5 wt% M22N modified composite (i.e. CFRP-composite with 5 wt% M22N modified 
epoxy as the matrix).  
 
5.10.1 Volume fraction of fibres 
The volume fraction of the carbon fibres in the CFRP-composites was estimated using 
the following equation [137]: 
% ிܸ ൌ ௐಷಲೈൈே೛ൈଵ଴଴஻ൈఘಷ        (5.1) 
where WFAW is the fibre areal weight, Np is the number of plies, B is the thickness of the 
CFRP-composite panels and ρF is the density of the carbon fibre. The value of WFAW is 
quoted from the manufacturer’s datasheet of the carbon fibre fabrics [201], which is 302 
g/m2. The density of the high strength carbon fibre is quoted from Hull [136] and is 
equal to 1.75 Mg/m3. The mean values of the thickness of the CFRP-composite panels 
were measured using a digital micrometer “QuantuMike” from Mitutoyo and are 
summarised in Table 5.5. 
 
The calculated carbon fibre volume fractions are given in Table 5.5. The values 
of the carbon fibre volume fraction were similar for all the CFRP-composites produced, 
which indicates that consistent CFRP-composites have been obtained. 
 
Table 5.5. Mean thickness, B, and estimated fibre volume fraction, VF, of the CFRP-composites with 
modified/unmodified anhydride cured DGEBA epoxy matrix. 
Composite matrix Specimen thickness, B (mm) VF (%) 
Unmodified (DA) 5.05 (±0.04) 55 
5 wt% M22N (DA) 4.74 (±0.30) 58 
5 wt% M52N (DA) 4.74 (±0.07) 58 
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5.10.2 Flexural properties of fibre-reinforced composites 
The flexural properties of the CFRP-composites were measured using three point 
bending tests in accordance with the BS ISO 14125 standard [157]. The measured 
flexural modulus, EcF, and flexural strength, σcF, for all the CFRP-composites are 
summarised in Table 5.6.  The mean values of the EcF and the σcF for the unmodified 
CFRP-composite were 30 GPa and 494 MPa, respectively. The addition of block 
copolymers in the epoxies was found to have approximately no effect on the values of 
EcF and σcF of their corresponding CFRP-composites, see Table 5.6. These results 
indicate that the matrix properties did not have a significant effect on the flexural 
properties of the CFRP-composites. This is consistent with the results reported by Scott 
and Philips [140], who observed the addition of CTBN rubber to the epoxy matrix of 
their CFRP-composites did not affect the flexural properties of the composites. Indeed, 
according to the literature [68, 202, 203], based on the same testing conditions and 
specimen dimensions, the flexural properties of continuous fibre reinforced composites 
are mainly determined by the mechanical properties of fibres, lamina stacking sequence, 
volume fraction of fibres and volume fraction of voids. In other words, the results of the 
flexural tests suggest that the volume fractions of fibres and voids are approximately the 
same for all the tested CFRP-composites. This result is in good agreement with the fibre 
volume fraction estimation provided in the previous section. Furthermore, the EcF 
values of the-CFRP-composites are in good agreement with the values reported by 
Masania [47] for the similar CFRP-composites manufactured with the same type of 
XC305 carbon fibre fabrics and quasi-isotropic lay-up. The EcF values of the CFRP-
composites were used in the calculation of the Mode I interlaminar fracture toughness in 
the next section.  
 
Table 5.6. Room temperature flexural modulus, EcF, and room temperature flexural strength, σcF, of the 
CFRP-composites with modified/unmodified anhydride cured DGEBA epoxy matrix. 
Composite formulations EcF (GPa) σcF (MPa) 
Unmodified (DA) 30 (±1) 494 (±22) 
5 wt% M22N (DA) 32 (±1) 479 (±28) 
5 wt% M52N (DA) 32 (±2) 494 (±26) 
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5.10.3 Mode I interlaminar fracture toughness of fibre-
reinforced composites 
The Mode I interlaminar fracture energy values for the CFRP-composites were 
measured using double cantilever beam (DCB) tests in accordance with the BS ISO 
15024 standard [158]. Two fracture energy parameters were determined during each 
DCB test, which are the interlaminar fracture energy, GcIc-int, corresponding to crack 
initiation from the pre-crack and the interlaminar fracture energy, GcIc-prop, 
corresponding to steady state crack propagation. The values of GcIc-int and GcIc-prop for all 
the CFRP-composites are summarised in Table 5.7. The GcIc-int of the CFRP-composites 
is mainly related to the energy dissipated in matrix deformation and fracture, which is 
regarded as the parameter reflecting the contribution of energy absorption by the 
composite matrix [137, 204]. The lowest GcIc-int value was measured for the unmodified 
CFRP-composite, and the highest for the 5 wt% M22N composite. These results are 
consistent with the overall trend of the GIc values for the bulk epoxies. The GcIc-prop of 
the CFRP-composites is related to the matrix deformation and fracture as well as fibre 
bridging mechanisms, so the GcIc-prop value is generally significantly higher than the 
GcIc-int value [137, 139, 142, 205]. In the present study, the GcIc-prop values of the various 
CFRP-composites were also significantly higher than the GcIc-int values as expected, see 
Table 5.7. This is due to the presence of the fibre bridging and nesting effect. 
 
Table 5.7. Mode I interlaminar crack initiation fracture energy, GcIc-int, and steady state crack propagation 
fracture energy, GcIc-prop, of the CFRP-composites with modified/unmodified anhydride cured DGEBA 
epoxy matrix. The corresponding room temperature GIc values of the bulk epoxies are also provided for 
reference.  
Composite formulations GcIc-int (J/m2) GcIc-prop (J/m2) GIc (J/m2) 
Unmodified 133 (±7) 333 (±21) 102 (±8) 
5 wt% M22N 207 (±30) 392 (±61) 245 (±38) 
5 wt% M52N 197 (±47) 495 (±26) 218 (±2) 
 
The transfer of the fracture toughness from the bulk epoxies to the CFRP-
composites was investigated by plotting GcIc-int against matrix GIc in Figure 5.27. It can 
be seen that relationship between the composite GcIc-int values and the matrix GIc values 
is close to 1:1 (diagonal dashed line with slope = 1) in all cases. This indicates full 
transfer of the fracture toughness from the matrix resins to the corresponding CFRP-
composites. The presence of the carbon fibres seems do not affect the GIc of the various 
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epoxy matrix. These results are in a good agreement with the fracture behaviour 
relationship between bulk resin and fibre-reinforced composite summarised by Hunston 
et al. [139, 206]. These researchers reported that if the GIc of the epoxy matrix is low 
(approximately less than 500 J/m2), the fracture toughness generally transferred fully to 
the composite. If the GIc of the epoxy matrix is high (over 500 J/m2), a partially transfer 
of the fracture toughness would be expected, i.e. the GcIc-int of the composite is generally 
smaller than the GIc of the epoxy matrix. Since the GIc values of the bulk unmodified 
and MAM modified epoxies are in the brittle region (GIc ˂ 500 J/m2), a full toughness 
transfer hence is expected. The slight scatter in the GcIc-int results was due to the 
variation in the thickness of the resin-rich interlaminar region and position of the pre-
crack in relation to the adjacent fibres [137]. This finding is supported by the 
examination of the fracture surfaces of the CFRP-composites in the subsequent sections. 
The fracture surfaces show that the crack propagation around the pre-crack was mainly 
by cohesive failure in the epoxy-rich region. 
 
 
Figure 5.27. Mode I interlaminar fracture energy, GcIc, (for initiation from pre-crack and steady state 
crack propagation) of the CFRP-composites, presented as a function of the respective bulk Mode I 
fracture energy, GIc, for the modified/unmodified anhydride cured epoxy matrix materials. The dashed 
line has slope of 1. 
 
The effect of the fibre bridging mechanisms was studied by plotting GcIc-prop 
against GcIc-int in Figure 5.28. The GcIc-prop values were found to not correlate to the GcIc-
int values. This indicates the difference of the fibre bridging effect. The effect was 
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evident in the values of GcIc-prop for the 5 wt% M22N modified composite and 5 wt% 
modified M52N composite. These two composites have approximately the same GcIc-int 
values, but the values of GcIc-prop for these two composites were significantly different. 
A value of GcIc-prop = 495 J/m2 was measured for the 5 wt% M52N modified composite, 
while a value of GcIc-prop = 392 J/m2 was measured for the 5 wt% M22N modified 
composite. As mentioned previously, the GcIc-prop value of the CFRP-composites is 
strongly dependent on the fibre bridging mechanisms and the size of the fibre bridging 
zone. Moreover, it has been reported in the literature that the effect of fibre bridging 
was related to the amount of crack face separation [207, 208] and the size of the matrix 
plastic deformation zone ahead of the crack tip [137, 204, 209]. Hence, the overall trend 
of GcIc-prop versus GcIc-int shown in Figure 5.28 may be correlated to the size of the 
matrix plastic deformation zone.  
 
This is evidenced by comparing the size of the plastic deformation zone on the 
fracture surface of the bulk 5 wt% M22N modified epoxy and the 5 wt% M52N 
modified epoxy, see Figure 5.29. It can be seen that the plastic deformation zone on the 
fracture surface of the 5 wt% M52N modified epoxy is approximately twice larger than 
the plastic deformation zone of the 5 wt% M22N modified epoxy, although Irwin’s 
model gives predictions that the plastic deformation zone size for the 5 wt% M22N 
modified epoxy is approximately the same as the 5 wt% M52N modified epoxy. Hence, 
these observations support that the energy absorption by fibre bridging mechanism in 
the CFRP-composites studied in the present study is related to the size of the plastic 
deformation zone. An increase of the size of the plastic deformation zone should induce 
an increase of the fibre bridging effect as more fibres participate in the bridging.  
 
185 
 
 
Figure 5.28. Mode I interlaminar propagation fracture energy, GcIc-prop, versus Mode I interlaminar 
initiation fracture energy, GcIc-int, for the CFRP-composites with unmodified or modified anhydride cured 
epoxy matrix. 
 
  
         (a)               (b) 
Figure 5.29. FEG-SEM micrographs of the fracture surface of (a) 5 wt% M22N modified anhydride cured 
epoxy and (b) 5 wt% M52N modified anhydride cured epoxy. The regions included by dashed lines are 
the plastic deformation zone ahead of the pre-crack. Both FEG-SEM micrographs are in the same 
magnification.  
 
5.11 Fractography of fibre-reinforced composites 
The interlaminar fracture surfaces of the various CFRP-composites after the DCB tests 
were studied using FEG-SEM. Two regions on the interlaminar fracture surfaces were 
examined. One was the region immediately after the pre-crack. Another was the region 
at least 30 mm behind the pre-crack, which was the region under steady state crack 
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propagation. The results are discussed individually for the different CFRP-composites 
in the subsequent sections. 
  
5.11.1 Unmodified composites 
The micrographs of the unmodified CFRP-composite showing the initiation region 
around the pre-crack and the steady state crack propagation region are given in Figure 
5.30 and Figures 5.31-5.32, respectively. Figure 5.30 shows that crack propagation from 
the pre-crack involved cohesive failure through the epoxy matrix. The interlaminar 
fracture surface of the unmodified CFRP-composite around the pre-crack is smooth and 
relatively featureless, which closely resembles the fracture surface of the bulk 
unmodified epoxy. This finding is consistent with the similar values of GIc and GcIc-int 
for the bulk unmodified epoxy and the composite, respectively.  
 
The fracture surface of the unmodified CFRP-composite in Figure 5.31 shows 
that the crack propagation in the steady state crack propagation region is mainly through 
the fibre-matrix interface, although good interfacial bonding between the fibres and the 
matrix was evidenced by the epoxy remnant on the fibres in the micrograph with higher 
magnification, see Figure 5.32. The extent of fibre bridging was found to be relatively 
limited across the fracture surfaces, as shown in Figure 5.31. This is in good agreement 
with the relatively small increase of the GcIc-prop value in relation to the GcIc-int value. 
The relatively small fibre bridging effect for fibre reinforced composites with a similar 
quasi-isotropic geometry has been reported by Masania [47].   
 
 
Figure 5.30. FEG-SEM micrograph of the fracture surface of the CFRP-composite with unmodified 
anhydride cured epoxy matrix, taken in the initiation region around the pre-crack in the DCB specimen. 
Crack direction
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Figure 5.31. FEG-SEM micrograph of the fracture surface of the CFRP-composite with unmodified 
anhydride cured epoxy matrix, taken in the steady state crack propagation region in the DCB specimen. 
 
 
Figure 5.32. Fibre bridging region in Figure 5.31 in high magnification. 
 
5.11.2 M22N modified composites 
The interlaminar fracture surface of the 5 wt% M22N modified CFRP-composite 
showing the initiation region around the pre-crack and the steady state crack 
propagation region are given in Figure 5.33 and Figures 5.34-35, respectively. The 
crack propagation from the pre-crack was found to be mainly through the epoxy matrix 
by cohesive failure, see Figure 5.33. The interlaminar fracture surface at the initiation 
region, shown in Figure 5.33a, has a brittle appearance similar to the fracture surface of 
the unmodified CFRP-composite. Cavitation of the worm-like micelles in the M22N 
modified epoxy matrix was not able to investigate in the present study, because it is 
difficult to provide high resolution images for the fibre reinforced composites due to the 
Fibre bridging region 
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interfacial bonding 
Fractured bridging 
fibres 
Crack direction
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rough fracture surface and the debonded fibres. Nevertheless, after several attempts to 
obtain high resolution images of the nanometre-sized cavities, it was sure that the 
topography of the fracture surface of the matrix of the M22N modified CFRP-composite 
was closely resemble to the fracture surfaces of the bulk M22N modified epoxies, see 
Figure 5.33b. It cannot be ruled out that cavitation of the worm-like micelles may still 
occur in the matrix of the M22N modified CFRP-composites. Further, since the GcIc-int 
of the 5 wt% M22N modified CFRP-composite is almost the same as the GIc of the 5 
wt% M22N modified epoxy, the morphology of the M22N modified epoxy matrix in 
the CFRP-composite should be the same as the bulk M22N modified epoxies and 
cavitation of the worm-like micelles should also occurred. 
 
Figure 5.34 shows that the crack propagation in the steady state crack 
propagation region of the 5 wt% M22N modified CFRP-composite was mainly through 
the fibre-matrix interface similar to the unmodified CFRP-composite. The extent of the 
fibre bridging regions on the interlaminar fracture surfaces was increased compared to 
the unmodified CFRP-composite. The roughness of the fracture surface in the steady 
state crack propagation region was also increased compared to the unmodified CFRP-
composite, which is multi-planar with significant matrix yielding, see Figure 5.35b. 
These findings are consistent with the higher difference between the GcIc-prop-GcIc-int 
values measured for the 5 wt% M22N modified CFRP-composite compared to the 
unmodified CFRP-composite. The matrix remnants on the fibres indicated the good 
interfacial bonding between the fibres and the epoxy matrix was not affected by the 
addition of 5 wt% M22N block copolymer in the epoxy, see Figure 5.35a.   
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(a) 
 
(b) 
Figure 5.33. FEG-SEM micrograph of the fracture surface of the CFRP-composite with the 5 wt% M22N 
modified anhydride cured epoxy matrix, taken in the initiation region around the pre-crack in the DCB 
specimen. 
 
 
Figure 5.34. FEG-SEM micrograph of the fracture surface of the CFRP-composite with the 5 wt% M22N 
modified anhydride cured epoxy matrix, taken in the steady state crack propagation region in the DCB 
specimen. 
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          (a)              (b) 
Figure 5.35. High magnification FEG-SEM micrograph of the fracture surface of the CFRP-composite 
with the 5 wt% M22N modified anhydride cured epoxy matrix, taken in the steady state crack 
propagation region in the DCB specimen. 
 
5.11.3 M52N modified composites 
The micrographs of the interlaminar fracture surface at the initiation region shows 
extensive cohesive failure of the epoxy matrix, see Figure 5.36a. This indicates that the 
crack propagation was mainly through the epoxy matrix. By examining the fracture 
surface in higher magnification, see Figure 5.36b, lightly cavitated block copolymer 
particles were observed in the epoxy-rich region. The radius of the cavities found on the 
interlaminar fracture surface of the 5 wt% M52N modified CFRP-composite was 
measured as 0.46 (±0.14) μm, which is almost the same as the radius (0.48 μm) of the 
cavities found on the fracture surface of the corresponding bulk 5 wt% M52N modified 
epoxy. This suggests that the cavitation of the block copolymer particles was not 
significantly affected by the presence of the fibres, and the presence of the fibres did not 
change the morphology of the M52N modified epoxies. This finding also explains the 
approximately equivalent value of the GIc of the bulk 5 wt% M52N modified epoxy and 
the GcIc-int of the 5 wt% M52N modified CFRP-composite. 
 
 The fracture surface of the 5 wt% M52N modified CFRP-composite at the 
steady state crack propagation region shows many fibres with clean surfaces, see Figure 
5.37. This indicates that the crack propagation in this region was partly due to interfacial 
debonding between the fibres and the matrix. In Figure 5.38, the matrix between the 
fibres is covered with heavily cavitated block copolymer particles, and enhanced 
yielding of the matrix material was also observed compared to the unmodified CFRP-
Matrix remnant on 
fibre 
Highly deformed matrix 
Crack direction Crack direction 
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composite. These observations show that more matrix deformation occurred in the crack 
propagation region with the fibre bridging mechanisms. Hence, they may also suggest 
that, with the fibre bridging mechanisms, the GIc of the 5 wt% M52N modified epoxy 
matrix material was also increased. Furthermore, there is also evidence of the decrease 
of the interfacial bonding strength between the fibres and the M52N modified epoxy 
matrix, as debonded fibres were observed in the matrix, see Figure 5.38. The lower 
interfacial bonding strength indicates more fibre pull-outs were occurred. All these 
results are consistent with the higher GcIc-prop values measured for the 5 wt% M52N 
modified CFRP-composite compared with the unmodified and the 5 wt% M22N 
modified CFRP-composites. 
 
  
          (a)             (b) 
Figure 5.36. FEG-SEM micrograph of the fracture surface of the CFRP-composite with the 5 wt% M52N 
modified anhydride cured epoxy matrix, taken in the initiation region around the pre-crack in the DCB 
specimen. (a) low magnification; (b) high magnification. 
 
 
Figure 5.37. FEG-SEM micrograph of the fracture surface of the CFRP-composite with the 5 wt% M52N 
modified anhydride cured epoxy matrix, taken in the steady state crack propagation region in the DCB 
specimen. 
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Figure 5.38. Selected region of Figure 5.37 at high magnification. 
 
5.12 Conclusions  
An anhydride cured DGEBA epoxy modified with three different types of MAM block 
copolymers was studied as a bulk material and carbon fibre reinforced composites. The 
morphologies of the unmodified and MAM modified epoxies were characterised using 
AFM. The addition of M22N to the epoxies was found to form a three-dimensional 
bicontinuous gyroid nanostructure, or a nanostructure of well-dispersed worm-like 
micelles, for all the contents used. The addition of ≤ 7 wt% of M52N or M52 gave 
dispersed micron-sized spherical MAM particles in the epoxy matrix, but phase 
inversion begins with ≥ 7 wt% of these block copolymers. 
 
Significant increases in the fracture toughness, KIc, and fracture energy, GIc, was 
measured because of the addition of M22N, and the maximum values of KIc = 1.22 
MPa·m1/2 and GIc =450 J/m2 were measured for the 12 wt% M22N modified epoxy, 
which are 100% and 350% higher, respectively, than the unmodified epoxy. For the 
nanostructured M22N modified epoxies, the principal toughening mechanism was 
identified to be shear band yielding. For the macrophase-separated M52N- or M52-
modified epoxies with ≤ 7 wt% of MAM block copolymers, the toughness 
enhancements were ascribed to cavitation of the particles and subsequent void growth. 
When 10 wt% of M52N or M52 was added, a co-continuous morphology was formed, 
and the principal toughening mechanism may be the bridging of the extensive 
interconnected MAM domains. Beyond the addition of 10 wt% of M52N or M52, phase 
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inversion was observed, and the toughness was reduced to less than that of the 
unmodified epoxy.  
 
Quasi-isotropic carbon fibre reinforced polymer (CFRP) composites were 
manufactured using resin infusion under flexible tooling to produce composites with 
consistent fibre volume fraction. The fibre volume fraction of all the CFRP-composites 
were estimated, and the values were between 55-58%. The Mode I interlaminar fracture 
toughness of all the CFRP-composites has been characterised, and toughness transfer 
was assessed through comparison of matrix and composite interlaminar fracture 
toughness at the initiation region around the pre-crack. The use of MAM block 
copolymers to modify the epoxy matrix improves the GcIc-int of the CFRP-composites. 
Full toughness transfer from the matrix to the CFRP-composites was found for both the 
unmodified and MAM modified epoxies, i.e. the values of the GcIc-int and the GIc are 
approximately the same for all the CFRP-composites and their corresponding epoxy 
matrix materials. The deference between the GcIc-prop and the GcIc-int values was found to 
correlate with the size of the crack tip plastic deformation zone of the matrix material. 
That is the fibre bridging effects of the CFRP-composites depends on the size of the 
matrix plastic deformation zone. 
 
The interlaminar fracture surfaces of the CFRP-composites were examined using 
FEG-SEM. All the CFRP-composites were found to fail cohesively at the epoxy-rich 
region at the initiation region around the pre-crack. The toughening mechanisms that 
were found in the bulk epoxies were also observed in their corresponding CFRP-
composites. 
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Chapter 6 
Toughening of Aromatic Amine Cured 
Epoxies by Amphiphilic Block Copolymers 
 
6.1 Introduction 
The present chapter continues the investigation of the toughening mechanisms, 
morphologies and material properties of commercial poly(methyl methacrylate)-b-
poly(butylacrylate)-b-poly(methyl methacrylate) (MAM) triblock copolymer toughened 
epoxies. Instead of using anhydride as the curing agent, an aromatic amine, 4,4’-
methylenebis-(3-chloro 2,6-diethylaniline) (MCDEA), was used. Aromatic amine cured 
epoxies are widely used in applications such as composite matrices, moulding 
compounds and castings [1]. MCDEA cured epoxies normally have high cross-link 
density, excellent mechanical properties, and good chemical resistance [147]. The 
reason to select MCDEA was that the MCDEA cured diglycidyl ether of bisphenol-A 
(DGEBA) epoxy system was reported to have excellent compatibility with the epoxy 
miscible poly(methyl methacrylate) (PMMA) block of the MAM block copolymers [12]. 
Ritzenthaler et al. [12] reported that homogenous materials resulted even after the 
addition of 30 wt% of PMMA in an MCDEA cured epoxy. It was believed that by using 
MCDEA, macro-phase separation of the MAM block copolymer can be avoided. 
Macro-phase separation describes separation of the components into domains larger 
than the nanometre-scale. Micro-phase separation is used to describe separation of the 
components occurs at the scale of nanometres.  
 
Two MAM triblock copolymers were used as the toughening agents, which are 
M52N and M22N. The suffix N indicates that dimethylacrylamide (DMA) was 
incorporated into the PMMA block to increase its compatibility with epoxies. Maiez-
Tribut et al. [111] have shown that adding small molar fractions of DMA into PMMA to 
form the random copolymer P(MMA-co-DMA) can significantly improve the 
miscibility of PMMA with epoxies. The toughening mechanisms, blend morphology, 
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mechanical/thermo-mechanical properties and morphology/properties relationship of 
these MAM modified MCDEA cured epoxies were studied. The MAM modified 
epoxies were also used as the matrix in fibre reinforced composites to investigate the 
effect of the MAM block copolymers on the interlaminar fracture toughness of the 
composite, with an emphasis on the matrix deformation and toughening mechanisms.  
 
The morphologies were examined using atomic force microscopy (AFM). The 
glass transition temperature, Tg, and viscoelastic properties were measured using 
dynamic mechanical thermal analysis (DMTA). The bulk material properties were 
characterised using uniaxial tensile, plane strain compression (PSC) and single edge 
notched three point bending (SENB) tests. The toughening mechanisms were 
investigated using field emission gun scanning electron microscopy (FEG-SEM). 
Continuous carbon-fibre reinforced polymer (CFRP) composites were produced using 
the unmodified and MAM modified epoxies. The mechanical properties of the 
composites were studied using flexural and double cantilever beam (DCB) tests. These 
were conducted to study the toughness transfer from the matrix materials to the CFRP-
composites. The toughening mechanisms of the CFRP-composites were investigated by 
examining the interlaminar fracture surfaces using FEG-SEM. 
 
6.2 Microstructure studies 
The addition of the MAM block copolymers was found to have no effect on the 
transparency of the MCDEA cured epoxies, as shown in Figure 6.1. These suggest that 
a nanostructure was formed in all of the M52N and M22N modified epoxies, because 
particles exceeding 1/15 of the wavelength of visible light (approximately 40 nm) may 
scatter light and reduce the transparency of the materials [186].  
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Figure 6.1. Photographs of the unmodified and M52N/M22N modified MCDEA cured epoxies. (a) 
Unmodified modified epoxy; (b) 10 wt% M52N modified epoxy; (c) 10 wt% M22N modified epoxy. 
 
 The unmodified epoxy was a homogeneous and single phase material, as 
evidenced in the AFM height and phase micrographs shown in Figure 6.2a-b, which are 
plain and featureless. The scratch marks were caused by microtoming during the 
preparation of the samples, and are discounted from being features of the materials. 
 
 
 
10 mm 10 mm
10 mm 
(a) (b)
(c) 
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       (a)        (b) 
Figure 6.2. AFM height and phase micrographs of the unmodified MCDEA cured epoxy. 
 
The addition of MAM block copolymers was found to introduce a soft phase 
into the epoxies. By considering the volume fraction and the contrast of the 
hardness/softness between this soft phase and the rigid matrix, the soft phase was 
ascribed to the immiscible PbuA block and the rigid matrix was ascribed to the PMMA 
block and the epoxy. Macrophase separation, which means that components separate 
into domains larger than the nanoscale, was not observed in any of the MAM modified 
epoxies, confirming the observations of no change of transparency. Furthermore, it is 
instructive to indicate that the uncertainty for the volume fraction measurement of the 
soft phase is large, because the measurement of the volume fraction of the soft phase 
depends on the quality of the AFM micrographs and the quality of the AFM 
micrographs depends on the surface finish of the samples, the quality of the silicone 
probe used in the AFM and the ability of the AFM to resolve the micelles. This means 
that it is very difficult to distinguish the soft phase from the artificial defects in the AFM 
micrographs obtained in the present study. Moreover, it is also worth to point out that 
the fraction of the soft PbuA block in the M52N/M22N block copolymer was not 
provided by the supplier of the MAM block copolymers, because it was considered as 
the trade secret. Hence, it is impossible to estimate the volume fraction of the soft phase 
from the material properties and also impossible to know whether the values of the 
volume fraction of the soft phase estimated from the AFM micrographs reflect the true 
values of the volume fraction of the soft phase in the nanostructured M52N/M22N 
modified epoxies. In any case, a list of the volume fraction of the soft phase for the 
nanostructured M52N/M22N modified MCDEA cured epoxies was given in Table 6.1 
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to facilitate the discussion of the morphologies of the M52N/M22N modified MCDEA 
cured epoxies.    
 
For the addition of M52N, two morphologies were observed, which are epoxies 
containing (i) spherical micelles or (ii) worm-like micelles. Spherical micelles with a 
size between 8-16 nm in radius were found to be finely dispersed in the epoxies 
containing 5 wt% or 30 wt% M52N, see Figures 6.3 and 6.5. Worm-like micelles with a 
width of about 20 nm and a length of up to several hundred nanometres were finely 
dispersed in the epoxy containing 10 wt% of M52N, see Figure 6.4. Similar 
observations of spherical micelles and worm-like micelles in epoxies modified with 
block copolymers were reported by other researchers [106, 121, 210], which confirmed 
that macrophase separation was successfully suppressed and a nanostructure was 
formed. However, it is still unknown why the transition from spherical micelles, to 
worm-like micelles and then to spherical micelles again occurred as the concentration of 
M52N was increased. Furthermore, a significant increase of the second phase volume 
fraction was only observed in epoxies containing ൑  10 wt% M52N. As the 
concentration of M52N was increased from 10 wt% to 30 wt%, the amount of the soft 
phase visible in the epoxy matrix was not changed considerably.  This may be due to the 
morphology transition and the resolution of the atomic force microscope. Since the 
worm-like micelles have an irregular shape, the possibility for the probe of the AFM to 
wrongly pick up the rigid phase as the soft phase increased due to the residual of the 
worm-like micelles left underneath the surface may affect the viscoelastic property of 
the epoxy matrix immediately above them. Nevertheless, by using image analysis to 
roughly examine the AFM micrographs, the volume fraction of the soft phase for the 10 
wt% and 30 wt% M52N modified epoxies are 16.8% and 24.8%, respectively. This 
result indicates that the volume fraction of the soft phase increases as the concentration 
of the M52N increases, as expected.  
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Table 6.1. Volume fraction and morphologies of the M52N/M22N modified MCDEA cured DGEBA 
epoxies. 
Content of modifiers Mean volume fraction (%) Morphologies 
3 wt% M52N N/D N/D 
5 wt% M52N 6.0 (±1.6) Spherical micelles 
7 wt% M52N N/D N/D 
10 wt% M52N 16.8 (±4.0) Worm-like micelles 
15 wt% M52N N/D N/D 
30 wt% M52N 24.8 (±5.4) Spherical micelles 
5 wt% M22N 6.4 (±1.9) Worm-like micelles 
10 wt% M22N 13.9 (±0.0)* Spherical micelles 
15 wt% M22N N/D N/D 
30 wt% M22N 33.7 (±3.7) Spherical micelles 
*Only one AFM micrograph was obtained. 
 
  
       (a)         (b) 
Figure 6.3. AFM height and phase micrographs of the 5 wt% M52N modified MCDEA cured epoxy. 
 
  
      (a)        (b) 
Figure 6.4. AFM height and phase micrographs of the 10 wt% M52N modified MCDEA cured epoxy. 
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   (a)        (b) 
Figure 6.5. AFM height and phase micrographs of the 30 wt% M52N modified MCDEA cured epoxy. 
 
For epoxies modified with M22N, the same morphologies were also observed. 
Upon the addition of 5 wt% M22N, worm-like micelles with a width of about 20 nm 
and a length of up to several hundred nanometres were found to be finely dispersed in 
the epoxy, as shown in Figure 6.6. As the concentration of the M22N in the epoxy was 
increased, a morphology transition occurred. Spherical micelles with a size between 8-
13 nm in radius were found to be finely dispersed in the epoxies containing more than 
10 wt% M22N, see Figures 6.7 and 6.8. The amount of the spherical micelles was found 
to increase as the concentration of M22N increased, as shown in Table 6.1, whereas 
their size was unchanged. This can be seen by comparing Figures 6.7 and 6.8. Similar 
results were reported by Yang et al. [114], who found no change in the size of the 
spherical micelles, but the number of spherical micelles increased with the increasing 
concentration of the block copolymer poly(ε-caprolactone)-b-poly(butadiene-co-
acrylonitrile)-b-poly(ε-caprolactone). The amount of the soft phase in the matrix was 
also found to increase as the concentration of the M22N increased, as expected. 
 
In addition, the micrographs shown in Figures 6.4 and 6.6 do not clearly show 
whether the worm-like micelles are connected in three dimensions. If they are, then a 
three-dimensional bicontinuous gyroid microstructure would be present, see Figure 5.7. 
Hence, it is possible that the epoxies with worm-like micelles microstructure may 
actually have a bicontinuous gyroid microstructure, but this cannot be verified using 
AFM.  
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   (a)        (b) 
Figure 6.6. AFM height and phase micrographs of the 5 wt% M22N modified MCDEA cured epoxy. 
 
  
   (a)        (b) 
Figure 6.7. AFM height and phase micrographs of the 10 wt% M22N modified MCDEA cured epoxy. 
Area surrounded by the dashed line was the region where the AFM tip lost track of the surface. 
 
 
 
Area of tip loss track Area of tip loss track 
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   (a)        (b) 
Figure 6.8. AFM height and phase micrographs of the 30 wt% M22N modified MCDEA cured epoxy. 
 
6.3 Glass transition temperature and viscoelastic 
properties 
The glass transition temperature, Tg, was determined using DMTA, and the results are 
summarised in Table 6.2. The crosslink density of the unmodified MCDEA cured 
DGEBA epoxy was estimated using Equation 3.1, and a value of 274 (±57) g/mol for 
the number average molecular weight between crosslinks, Mnc, was calculated. This 
indicates that the MCDEA cured epoxy has a high crosslink density, when compared to 
the common Mnc values reported in the literature [5, 123, 164-166] for epoxies used for 
the matrix of composites and as casting compounds.  
 
The Tg of the unmodified epoxy was measured as 185 °C. This is in good 
agreement with that reported by Ritzenthaler et al. [12]. The value of Tg was reduced by 
the addition of the MAM block copolymers, see Table 6.1, although the reduction of the 
Tg was very small with less than 10 wt% of the MAM block copolymers. For epoxies 
containing M52N, Table 6.1 shows that the Tg of the epoxy was almost unchanged until 
the addition of 30 wt% M52N. Upon the addition of 30 wt% M52N, the Tg of the epoxy 
was reduced from 185 °C to 177 °C. For epoxies containing M22N, the Tg of the 
epoxies was slightly reduced even with the addition of 10 wt% M22N, see Table 6.1. 
The addition of 30 wt% M22N reduced the Tg to 152 °C, which is a significant 
reduction compared to the Tg of the unmodified epoxy.  
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Notice that nanostructures were formed in all the MAM modified epoxies, and 
no macro-phase separation was observed. Based on the fact that the M52N and M22N 
block copolymers have the same PMMA and PbuA blocks, and that they self-assemble 
into similar morphologies in the epoxies (a similar spherical micelle morphology was 
observed in the epoxies containing 30 wt% M52N or M22N). Hence, the Tg of the 
nanostructured epoxies may be affected by the fraction content of the subchains of the 
block copolymers and their compatibility. It is stated in the technical data sheet that the 
PMMA epoxy miscible block in the M22N block copolymer has better compatibility 
with epoxy compared to the PMMA block in the M52N block copolymer, and also that 
the M22N block copolymer has a higher fraction content of the PMMA block than the 
M52N block copolymer [144]. The higher PMMA fraction and the better compatibility 
of the PMMA with epoxy should lead to a larger plasticisation effect in the M22N 
modified epoxies relative to the M52N modified epoxies, since more PMMA, which has 
a low Tg (about 100 °C) [171, 211], would remained dissolved in the epoxy matrix. This 
explains the lower Tg measured for the M22N modified epoxies. 
 
Table 6.2. Glass transition temperature, Tg, and room temperature storage modulus, E', of the unmodified 
MCDEA cured epoxy and the MAM modified MCDEA cured epoxies. 
Content of modifiers Tg (°C) 
Unmodified 185 (±1) 
3 wt% M52N 186 (±1) 
5 wt% M52N 187 (±0) 
7 wt% M52N 185 (±0) 
10 wt% M52N 189 (±0) 
15 wt% M52N 186 (±1) 
30 wt% M52N 177 (±1) 
Unmodified 185 (±1) 
5 wt% M22N 187 (±1) 
10 wt% M22N 182 (±1) 
15 wt% M22N 175 (±2) 
30 wt% M22N 152 (±1) 
 
Phase separation of the epoxy miscible PMMA block was found in the results of 
the DMTA, as shown in Figure 6.9. Small shoulders were observed next to the main α 
relaxation of the epoxies on the tan δ curves of the M52N/M22N modified epoxies, see 
Figure 6.9b, and a similar shoulder was not observed on the tan δ curve of the 
unmodified epoxy. These shoulders indicate that micro-phase separation of the PMMA 
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block occurred in the M52N/M22N modified epoxy during the polymerisation process, 
because the α relaxation of PMMA has been reported to be in the same temperature 
range (about 100 °C) as the small shoulders [12, 171, 211]. The local expulsion of the 
epoxy miscible block and the formation of the epoxy-block copolymer interface at the 
vicinity of the epoxy immiscible block has been reported [45, 109, 110, 117, 118, 121, 
212], although they were not observed in the AFM micrographs presented in Figures 
6.3-6.8. Hence, local expulsion of the PMMA block and the formation of the epoxy-
PMMA interface must be occurred around the nano-scale organised PbuA epoxy 
immiscible block as a shell-like structure. This micro-phase separation process can be 
readily illustrated using the “brush model” [45, 46, 213], as schematically shown in 
Figure 6.10. In the uncured epoxy-MAM mixture, chains of the PMMA blocks are 
swollen by epoxy components. During the curing process, the PMMA blocks were 
desolvated and locally expelled by the growing epoxy network in the vicinity of the 
nanostructured PbuA domains. However, since the Tg of the epoxies was reduced by the 
addition of the M52N/M22N block copolymers, it suggests that some of the PMMA 
blocks remained dissolved in the epoxy matrix. Moreover, since the nanostructures were 
formed in the M52N/M22N modified epoxies and the macrophase separation of the 
M52N/M22N block copolymers was not observed, it is believed that only partial phase 
separation of the PMMA blocks was occurred, and the amount of the phase separated 
PMMA was limited.   
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(a) 
 
(b) 
Figure 6.9. Plots of storage modulus, E', and loss factor, tan δ, versus temperature, for the unmodified 
epoxy and epoxies containing 10 wt% of M52N and M22N. (a) and (b) have different axis scale of tan δ. 
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Figure 6.10. Schematic of the micro-phase separation process for epoxy modified with block copolymer. 
(a) represents the case with non-reactive block copolymer; (b) represents the case with reactive 
copolymer. Reproduced from [45]. 
 
6.4 Tensile properties 
The tensile properties were measured using uniaxial tensile tests, and the tensile 
modulus, E, tensile strength, σts, and tensile fracture strain, εtf, are summarised in Table 
6.3. The E and the σts of the unmodified epoxy were measured as 2.64 GPa and 56 MPa, 
respectively. The addition of the various MAM block copolymers has different effects 
on the E, the σts and the εtf of the epoxies. 
 
 The tensile modulus of the epoxies decreased steadily with the increasing 
concentration of the M52N/M22N, see Table 6.3, if the standard deviation of the 
experimental results is considered. This is expected because the M52N/M22N block 
copolymers are softer than the epoxy. Furthermore, the epoxies modified with M22N 
were found to retain the values of the E better than the epoxies modified with M52N. 
This may be due to the higher rigid PMMA fraction in the M22N, since the tensile 
modulus of the PMMA is reported as between 2.5-3.5 GPa [171]. 
 
The tensile strength of the epoxies was unaffected by the addition of the 
M52N/M22N, see Table 6.3. The drop of the σts value for the 30 wt% M52N modified 
epoxy is believed due to experimental error, since the εtf value of the 30 wt% M52N 
modified epoxy is comparable to the value of the εtf for the epoxies modified with a 
lower amount of M52N. 
 
a b
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The εtf values of the epoxies steadily increased with the increasing concentration 
of the MAM block copolymers, as shown in Figure 6.11. This increase was generally 
found to be lower for the M22N than for the M52N modified epoxies. This is expected, 
because the M22N block copolymer has a lower fraction content of the soft PbuA block, 
as stated in the technical datasheet [144]. The similar values of the εtf for epoxies 
modified with high content of MAM (i.e. 30%) may suggest that the ductility of the 
epoxy may reach a plateau as the number of the spherical micelles was increased. This 
may be corroborated by the small surface to surface inter-particle distance observed in 
the micrographs shown in Figures 6.5 and 6.8.  
 
Table 6.3. Room temperature tensile properties of the unmodified MCDEA cured epoxy and the MAM 
modified MCDEA cured epoxies. 
Content of modifiers E (GPa) σts (MPa) εtf 
Unmodified 2.64 (±0.05) 56 (±2) 0.033 (±0.003) 
3 wt% M52N 2.62 (±0.05) 57 (±4) 0.037 (±0.004) 
5 wt% M52N 2.53 (±0.04) 57 (±4) 0.040 (±0.004) 
7 wt% M52N 2.49 (±0.02) 57 (±4) 0.041 (±0.003) 
10 wt% M52N 2.42 (±0.01) 59 (±2) 0.044 (±0.003) 
15 wt% M52N 2.40 (±0.02) 56 (±3) 0.039 (±0.004) 
30 wt% M52N 2.05 (±0.02) 50 (±2) 0.042 (±0.004) 
 
Unmodified 2.64 (±0.05) 56 (±2) 0.033 (±0.003) 
5 wt% M22N 2.66 (±0.02) 56 (±3) 0.032 (±0.003) 
10 wt% M22N 2.66 (±0.04) 56 (±2) 0.032 (±0.003) 
15 wt% M22N 2.59 (±0.05) 59 (±2) 0.037 (±0.003) 
30 wt% M22N 2.43 (±0.02) 59 (±1) 0.046 (±0.001) 
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Figure 6.11. Tensile fracture strain versus content of modifiers for the epoxies modified with MAM block 
copolymers.  
 
6.5 Compressive properties 
Plane strain compression (PSC) tests were conducted to study the yield behaviour of the 
unmodified epoxy and the MAM modified epoxies. The compressive modulus, Ec, 
compressive true yield stress, σyc, and compressive true fracture strain, εfc, of the epoxies 
were measured, and are summarised in Table 6.4. Typical compressive true stress-strain 
curves for the unmodified epoxy and the epoxies modified with 10 wt% of the MAM 
block copolymers are given in Figure 6.12. Examination of the curves shows that they 
made up of two distinct parts. Firstly, there is an approximately linear (elastic) region 
with a steep rise in stress at relatively small strains, until the yield point is reached 
(which is the point of the intersection of two tangent lines on the true stress-true strain 
curve in this case). Secondly, with further loading, the stress increases as the strain 
increases with a continuously increasing slope until the specimen fracture, i.e. strain 
hardening occurs [191]. No strain softening was observed for these epoxies. The step 
changes on the stress-strain curves in Figure 6.12 were due to cracking of the specimens 
during the PSC tests.  
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Figure 6.12. Compressive true stress-strain curves of the unmodified epoxy and epoxies modified with 10 
wt% M52N or 10 wt% M22N. 
 
Table 6.4. Room temperature compressive properties of the unmodified MCDEA cured epoxy and the 
MAM modified MCDEA cured epoxies. 
Content of modifiers Ec (GPa) σyc (MPa) εfc (MPa) 
Unmodified 1.76-1.86 100-101 0.66-0.67 
3 wt% M52N 1.87-1.94 96-98 0.64-0.66 
5 wt% M52N 1.86-1.90 95-98 0.67-0.67 
7 wt% M52N 1.74-1.88 91-94 0.64-0.66 
10 wt% M52N 1.93-2.12 90-92 0.64-0.68 
15 wt% M52N 1.72-1.74 84-86 0.77-0.81 
30 wt% M52N 1.48-1.54 70-70 0.85-0.93 
Unmodified 1.76-1.86 100-101 0.66-0.67 
5 wt% M22N 1.83-1.99 99-99 0.72-0.75 
10 wt% M22N 1.76-1.79 92-93 0.78-0.80 
15 wt% M22N 1.80-1.84 90-90 0.79-0.79 
30 wt% M22N 1.64-1.65 78-79 0.82-0.92 
 
The Ec values obtained for the epoxies were slightly smaller than the E values 
from the uniaxial tensile tests reported in the previous section, due to the compliance 
correction and frictional effects in the PSC tests [153], see Table 6.4.  
 
The σyc of the unmodified epoxy was measured as 101 MPa. The addition of the 
various MAM block copolymers was found to reduce σyc approximately linearly with 
the increasing concentration of MAM, as shown in Figure 6.13. The reduction of the 
values of the σyc of the epoxies was more significant by the addition of M52N than the 
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addition of M22N, see Figure 6.13. This should be due to the higher fraction content of 
the soft PbuA block in the M52N block copolymer. 
 
 
Figure 6.13. Plots of the compressive true yield stress versus the content of the MAM block copolymers 
for the various MAM modified MCDEA cured epoxies.  
 
The εfc of the epoxies was also affected by the addition of the M52N/M22N 
block copolymers, and the trend of the εfc versus the M52N/M22N content is given in 
Figure 6.14. The addition of the M52N/M22N increased the εfc almost linearly. The 
higher values of the εfc for the M22N modified epoxies may again be explained by the 
higher content of the PMMA block in the M22N. By considering the inter-particle 
distance, τ, between the spherical micelles, it can be found that the values of the τ for the 
M52N/M22N modified epoxies with spherical micelles or worm-like micelles are in the 
nanometre-scale. For example, when 10 vol% of the spherical micelles with a mean 
radius in 12 nm is used, the value of the τ can be estimated using Equation 3.12 to be 42 
nm. Hence, the PMMA-epoxy interface may have a significant effect on the ductility of 
the MAM modified epoxies. Since the M22N block copolymer has a higher fraction of 
the PMMA block, it can be envisioned that the PMMA-epoxy interface should be larger 
in the M22N modified epoxies compared to the M52N modified epoxies. This therefore 
explains the higher values of the εfc measured for the M22N modified epoxies, because 
the PMMA generally has a higher value of the tensile fracture strain (about 0.06) [171] 
compared to the unmodified epoxies. For the epoxies containing a high content of the 
MAM (i.e. 30%), the difference of the εfc values between the M52N modified epoxy and 
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the M22N modified epoxy receded, because the inter-particle distance between the 
spherical micelles in these epoxies was very small. 
 
 
Figure 6.14. Plots of the compressive true fracture strain versus the content of the MAM block 
copolymers for the various MAM modified MCDEA cured epoxies. 
 
6.6 Fracture properties 
The Mode I fracture energy, GIc, and critical stress intensity factor, KIc, of the 
unmodified epoxy and the MAM modified epoxies were measured using single edge 
notched three point bending (SENB) tests. The results are summarised in Table 6.5. The 
mean values of the GIc and KIc of the unmodified epoxy were measured as 143 J/m2 and 
0.74 MPa·m1/2, respectively. These values are in line with the fracture toughness 
reported by other researchers [77]. The addition of the two MAM block copolymers 
increased the fracture toughness significantly. The gains in GIc and KIc with the addition 
of the M52N and M22N block copolymers are described in the sections below.  
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Table 6.5. The room temperature Mode I fracture energy, GIc, and room temperature Mode I critical stress 
intensity factor, KIc, of the unmodified MCDEA cured epoxy and the MCDEA cured epoxies modified 
with (a) M52N and (b) M22N. 
Content of modifiers KIc (MPa·m1/2) GIc (J/m2) 
Unmodified 0.74 (±0.03) 143 (±9) 
3 wt% M52N 0.76 (±0.04) 187 (±17) 
5 wt% M52N 0.84 (±0.03) 205 (±13) 
7 wt% M52N 0.87 (±0.05) 211 (±19) 
10 wt% M52N 0.91 (±0.01) 269 (±13) 
15 wt% M52N 1.03 (±0.02) 360 (±24) 
30 wt% M52N 1.18 (±0.05) 569 (±41) 
Unmodified 0.74 (±0.03) 143 (±9) 
5 wt% M22N 0.80 (±0.02) 192 (±20) 
10 wt% M22N 0.95 (±0.01) 276 (±14) 
15 wt% M22N 1.06 (±0.02) 353 (±13) 
30 wt% M22N 1.40 (±0.02) 739 (±32) 
 
6.6.1 M52N modified epoxies 
For the M52N modified epoxies, a steady increase of the values of the GIc and the KIc 
was observed with the addition of the M52N. Maximum values of GIc = 569 J/m2 and 
KIc = 1.18 MPa·m1/2 were measured with the addition of 30 wt% M52N. These are a 
400% and 160% increase compared to the corresponding values measured for the 
unmodified epoxy. The gains in the values of GIc and KIc by the addition of the M52N 
were found to be almost linear, as shown by the fitting lines in Figures 6.15 and 6.16. 
 
 6.6.2 M22N modified epoxies 
Similar to the addition of the M52N, a steady increase in the GIc and the KIc was also 
observed with the addition of the M22N. It was found that the increase in the GIc and 
the KIc by the addition of M22N was approximately equal to the addition of the M52N, 
see Figures 6.15 and 6.16. A linear correlation of the GIc and the KIc with the M22N 
content was also observed. The maximum values of the GIc and the KIc measured for the 
M22N modified epoxies are 739 J/m2 and 1.40 MPa·m1/2, respectively. The slight 
difference of the GIc and KIc between the M22N modified epoxies and the M52N 
modified epoxies should be owing to the different content of the hard/soft block. 
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Figure 6.15. Fracture energy of the modified MCDEA cured epoxies versus the content of the MAM 
block copolymers.  The general trends are shown with a linear fit. 
    
 
Figure 6.16. Critical stress intensity factor of the modified MCDEA cured epoxies versus the content of 
the MAM block copolymers. The general trends are shown with a linear fit. 
 
6.7 Toughening mechanisms 
The toughening mechanisms of the unmodified epoxy and the MAM modified epoxies 
were identified by examining the fracture surfaces in the plastic deformation zone 
around the crack tip from the fractured SENB specimens. The investigation of the 
fracture surfaces was carried out using the FEG-SEM.  
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6.7.1 Unmodified epoxy 
The fracture surface of the unmodified epoxy was plain and featureless, as shown in 
Figure 6.17. Only small scale riverlines were observed at the crack tip, which were 
caused by the presence of some local mixed-mode I/III stresses [88]. This multi-planar 
nature of the fracture surface is a way of absorbing excess energy by brittle thermosets 
[56]. Similar riverline markings were observed on the fracture surface of the unmodified 
anhydride cured epoxies shown in the previous Chapters and have been reported in the 
literature by other researchers [6, 56]. 
 
 
Figure 6.17. FEG-SEM micrograph of the fracture surface of the unmodified MCDEA cured epoxy, taken 
in the vicinity of the tip of the pre-crack. 
 
6.7.2 M52N modified epoxies 
The addition of the M52N did not significantly change the appearance of the fracture 
surface of the epoxies, as shown in Figure 6.18a. However, in high magnification FEG-
SEM micrographs for the epoxies containing 5 wt% and 15 wt% M52N, the fracture 
surfaces were found to be covered with small cavities with a mean radius of 5 (±1) nm. 
The number of these cavities increases as the concentration of the M52N increases, see 
Figures 6.18b and 6.20. These cavities show that cavitation occurred in the spherical 
micelles in the epoxies containing 5 wt% or 15 wt% of M52N.  
 
Crack direction
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(a) 
 
(b) 
Figure 6.18. FEG-SEM micrographs of the fracture surface of the MCDEA cured epoxy modified with 5 
wt% M52N, taken in the vicinity of the tip of the pre-crack, (a) low magnification; (b) high magnification. 
Some of the cavities are indicated with white arrows. 
 
The fracture surface of the 10 wt% M52N modified epoxy with dispersed worm-
like micelles was found to have no cavities, see Figure 6.19. Examination of Figure 6.19 
shows that the fracture surface was rough at the nanometre scale with many small 
nodule-like protrusions. These small protrusions were also observed in the M22N 
modified anhydride cured epoxies with dispersed worm-like micelles (or a bicontinuous 
morphology), as shown in Figure 5.18b. It should be noted that the cavities and nodule-
like protrusions were not artefacts of the coating process used prior to the FEG-SEM 
imaging, because they were not observed on the coated unmodified epoxy, and the 
Crack direction
Crack direction
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presence of the cavities and protrusions was independent of the coating material used. 
Furthermore, small scale matrix tearing was observed on the fracture surfaces of the 
M52N modified epoxies with all morphologies. These features indicate the enhanced 
plastic deformation of the epoxies.       
 
 
Figure 6.19. FEG-SEM micrograph of the fracture surface of the epoxy modified with 10 wt% M52N, 
taken in the vicinity of the tip of the pre-crack. 
 
 
Figure 6.20. FEG-SEM micrograph of the fracture surface of the epoxy modified with 15 wt% M52N, 
taken in the vicinity of the tip of the pre-crack. Some of the cavities are indicated with white arrows. 
 
Based on the observations of the fracture surfaces described above, the 
toughening mechanisms of the modified epoxies with different morphologies can be 
proposed. For the M52N modified epoxy with worm-like micelles, the toughening 
Crack direction
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mechanism is localised plastic yielding triggered by the release of the tri-axial stress 
state in front of the crack tip by the soft worm-like micelles (or three dimensional soft 
PbuA network) and the PMMA/epoxy interface. This toughening mechanism was 
supported by the observations of the enhanced matrix tearing and the enlarged plastic 
deformation zone. Indeed, Declet-Perez et al. [117] have shown that in nanostructured 
epoxies containing block copolymers, network disruption caused by the epoxy/block 
copolymer interface or mixing region should facilitate plastic deformation of the epoxy 
matrix. For the M52N modified epoxy with spherical micelles, the toughening 
mechanism is the cavitation of the spherical micelles and the enhanced plastic 
deformation of the epoxy matrix due to the localised plasticisation effect of the 
epoxy/PMMA interface or mixing region. This postulation is supported by the 
observation of the numerous nano-scale cavities, as well as considerably enhanced 
matrix tearing and multi-planar features on the fracture surfaces of the M52N modified 
epoxies with spherical micelles. 
 
 The effect of the PMMA/epoxy interface, or mixing region, in increasing the 
toughness of the epoxies is worth to have extra explanation. The localised plasticisation 
effect of the epoxy/PMMA interface mentioned above refers to the phenomenon that the 
epoxy soluble PMMA blocks remained in the epoxy matrix in the vicinity of the PbuA 
micelles should plasticise the epoxy matrix, because PMMA normally have a higher 
toughness compared to epoxy (Atkins et al. [214] reported that the GIc of PMMA was 
approximately 300 J/m2 when tested with a displacement speed of 0.6 mm/min at 23°C.). 
Furthermore, since the micelles formed in the nanostructured epoxies were very small, 
the contact area between the micelles and the epoxy matrix can be expected to be very 
large. This indicates that the volume of the PMMA/epoxy mixing regions should be 
considerably large and comprise a large volume fraction of the M52N modified epoxies. 
Hence, the general ductility of the M52N modified epoxies should be increased due to a 
large volume fraction of the epoxy matrix was plasticised by the PMMA. 
 
6.7.3 M22N modified epoxies 
The fracture surfaces of the M22N modified epoxies were similar to those of the M52N 
modified epoxies. The addition of the M22N also did not significantly change the brittle 
appearance of the fracture surface, although it generally increased the roughness. In the 
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low magnification FEG-SEM micrograph, see Figure 6.21, the M22N modified epoxies 
show similar crack forking and riverlines to those of the unmodified epoxy. For the 5 wt% 
M22N modified epoxies with worm-like micelles, the fracture surface is almost plain 
with a few riverlines similar to that of the unmodified epoxy. The only difference 
between the fracture surfaces of the 5 wt% M22N modified epoxy and the unmodified 
epoxy was the observation of the nodule-like protrusions on the fracture surface of the 
M22N modified epoxy, see Figure 6.22. This finding suggests that the nodule-like 
protrusions are a direct feature resulting from the worm-like (or bicontinuous gyroid) 
morphology. For the M22N modified epoxy with spherical micelles, small cavities with 
a mean radius of 5 (±1) nm were also found evenly dispersed on the fracture surfaces, 
see Figure 6.23, similar to the fracture surfaces of the M52N modified epoxies with 
spherical micelles. These findings confirm the cavitation of the nano-scale spherical 
micelles. 
 
Based on the results from examining the fracture surfaces of the M22N modified 
epoxies described above, the toughening mechanisms of the M22N modified epoxies 
with different morphologies can be proposed. For the M22N modified epoxies with the 
worm-like micelles, the toughening mechanisms are localised plastic yielding triggered 
by the release of the tri-axial stress state in front of the crack tip by the soft worm-like 
micelles (or three dimensional soft PbuA network) and the PMMA-epoxy interface 
similar to the 10 wt% M52N modified epoxies. For the M22N modified epoxies with 
spherical micelles, the toughening mechanisms are similar to the M52N modified 
epoxies with spherical micelles, which are the cavitation of the spherical micelles and 
the enhanced plastic deformation of the epoxy matrix due to the localised plasticisation 
effect of the epoxy/PMMA interface or mixing region. 
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       (a)                      (b) 
Figure 6.21. Low magnification FEG-SEM micrographs of the fracture surfaces of the epoxies modified 
with M22N, taken in the vicinity of the tip of the pre-crack. (a) 5 wt% M22N; (b) 15 wt% M22N. 
 
 
Figure 6.22. FEG-SEM micrograph of the fracture surface of the epoxy modified with 5 wt% M22N, 
taken in the vicinity of the tip of the pre-crack. 
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Figure 6.23. FEG-SEM micrograph of the fracture surface of the epoxy modified with 15 wt% M22N, 
taken in the vicinity of the tip of the pre-crack. Some cavities are indicated with white arrows. 
 
6.8 Properties of fibre reinforced composites 
The CFRP-composites were manufactured using the MCDEA cured epoxies. Three 
different matrix materials, the unmodified epoxy, 10 wt% M52N modified epoxy and 10 
wt% M22N modified epoxy were used.  
 
In the current section, the fibre volume fraction of the CFRP-composites is 
estimated, and then the flexural properties and the Mode I interlaminar fracture 
properties of the CFRP-composites are described. 
  
6.8.1 Volume fraction of fibres 
The volume fraction of the fibres in the CFRP-composites was estimated using [137]: 
% ிܸ ൌ ௐಷಲೈൈே೛ൈଵ଴଴஻ൈఘಷ        (6.1) 
where WFAW is the fibre areal weight, Np is the number of plies, B is the thickness of the 
CFRP-composite laminates and ρF is the density of the carbon fibre. The value of WFAW 
is quoted from the manufacturer’s datasheet of the carbon fibre fabrics [201], which is 
302 g/m2. The density of the high strength carbon fibre is quoted from Hull [136] and is 
equal to 1.75 Mg/m3. The mean values of the thickness of the CFRP-composite 
laminates were measured using a digital micrometer “QuantuMike” from Mitutoyo and 
are summarised in Table 6.6. 
Crack direction
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 The estimated fibre volume fractions are summarised in Table 6.6. The fibre 
volume fractions for all the CFRP-composites were found to be approximately the same 
at 59 ± 2%. These results indicate that the CFRP-composites manufactured in the 
present study have consistent properties. 
 
Table 6.6. Mean thickness, B, and estimated fibre volume fraction, VF, of the CFRP-composites with 
modified/unmodified MCDEA cured DGEBA epoxy matrix. 
Composite matrix Specimen thickness, B (mm) VF (%) 
Unmodified MCDEA cured DGEBA 4.75 (±0.14) 58 
10 wt% M22N 4.84 (±0.10) 57 
10 wt% M52N 4.54 (±0.07) 61 
 
6.8.2 Flexural properties of fibre-reinforced composites 
The flexural properties of the CFRP-composites were measured according to the BS 
ISO 14125 standard [157] using a three point bending geometry. The flexural modulus, 
EcF, and flexural strength, σcF, of the CFRP-composites are given in Table 6.7. The 
values of the EcF and σcF for the unmodified composite were measured as 30 GPa and 
451 MPa, respectively. The addition of block copolymers was found to have no effect 
on the EcF and σcF of the composite, see Table 6.7. This is expected, because the flexural 
properties of continuous fibre reinforced composites are fibre dominated [68]. Owing to 
the great property differences (especially stiffness) between the carbon fibres and the 
epoxy matrix, a slight change of the properties of the epoxy matrix should not affect the 
flexural properties of the composites [68, 136]. Furthermore, the EcF values are in good 
agreement with the values reported by Masania [47] for similar unmodified/modified 
CFRP-composites manufactured with the same XC305 carbon fibre fabrics and quasi-
isotropic lay-up.  
 
The consistency of the values of the EcF and the σcF for the CFRP-composites 
with different epoxy matrices again verifies that approximately the same volume 
fraction of fibres and voids were obtained in all the composites. This result is in good 
agreement with the result of the fibre volume fraction estimation discussed in the 
previous section. The EcF values of the CFRP-composites given in Table 6.7 were used 
in the calculation of the Mode I interlaminar fracture toughness of the corresponding 
CFRP-composites. 
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Table 6.7. Room temperature flexural modulus, EcF, and room temperature flexural strength, σcF, of the 
CFRP-composites with modified/unmodified MCDEA cured DGEBA epoxy matrix. 
Composite formulation EcF (GPa) σcF (MPa) 
Unmodified 30 (±1) 451 (±16) 
10 wt% M22N 29 (±1) 475 (±12) 
10 wt% M52N 32 (±1) 477 (±18) 
 
6.8.3 Mode I interlaminar fracture toughness of fibre-reinforced 
composites 
The Mode I interlaminar fracture toughness of the CFRP-composites was measured by 
performing double cantilever beam (DCB) tests in accordance with the BS ISO 15024 
standard [158]. The initiation fracture energy, GcIc-int, and mean propagation fracture 
energy, GcIc-prop, of the composites were determined. A summary of the mean values of 
the GcIc-int and the GcIc-prop is given in Table 6.8. The GcIc-int value is essentially related to 
the energy dissipated in matrix deformation and fracture, which is regarded as the 
parameter reflecting the contribution of energy absorption by the composite matrix [137, 
204]. The GcIc-prop value is essentially related to the matrix deformation and fracture as 
well as to the fibre bridging mechanisms, so the GcIc-prop value is generally significantly 
higher than the GcIc-int value [137, 139, 142, 205].  
 
Table 6.8. Mode I interlaminar crack initiation fracture energy, GcIc-int, and room temperature Mode I 
interlaminar steady state crack propagation fracture energy, GcIc-prop, of the CFRP-composites with 
modified/unmodified MCDEA cured DGEBA epoxy matrix. The corresponding room temperature GIc 
values of the bulk epoxies were also provided for reference.  
Composite formulations GcIc-int (J/m2) GcIc-prop (J/m2) GIc (J/m2) 
Unmodified (DM) 143 (±14) 523 (±21) 143 (±9) 
10 wt% M22N (DM) 224 (±19) 604 (±47) 276 (±14) 
10 wt% M52N (DM) 221 (±44) 643 (±19) 269 (±13) 
 
The toughness transfer from the epoxy matrix to the CFRP-composites was 
assessed by comparing the GcIc-int of the composites and the GIc of the bulk epoxies in 
Figure 6.24 with a straight line which has a slope of 1.  The values of the GcIc-int and the 
GIc for the unmodified epoxy and its corresponding composite were the same, so the 
point corresponding to these values is on the 1:1 line, indicating full transfer.  However, 
the values of the GcIc-int for the M52N or the M22N modified CFRP-composite were 
slightly smaller than the GIc values of their corresponding bulk epoxies, so these points 
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lie below the 1:1 line. These results indicate that full toughness transfer was achieved in 
the unmodified CFRP-composite, but the toughness transfer in the MAM modified 
composites is slightly lower than full toughness transfer. This difference was found to 
be due to the difference of the fibre-matrix adhesion. It would be shown later in the 
toughening mechanism chapter that, in the initiation region, the unmodified CFRP-
composite failed with a mixture of epoxy matrix cohesive failure and fibre-matrix 
interfacial failure, whereas the MAM modified CFRP-composites mainly failed by 
fibre-matrix interfacial failure. This indicates the addition of the MAM block copolymer 
in the epoxy matrix reduced the fibre-matrix adhesion. The slight scatter in the GcIc-int 
results was due to the variation in the thickness of the resin-rich interlaminar region and 
the position of the pre-crack in relation to the adjacent fibres [137]. This finding is 
supported by the examination of the fracture surfaces of the CFRP-composites in the 
subsequent sections.  
 
 
Figure 6.24. Mode I interlaminar fracture energy, GcIc, (for initiation from pre-crack and steady state 
crack propagation) of the CFRP-composites, versus bulk fracture energy, GIc, for the 
modified/unmodified MCDEA cured epoxies. The dashed line has slope of 1. 
 
The effect of the fibre bridging mechanisms in the CFRP-composites can be 
assessed by comparing the GcIc-prop values and the GcIc-int values in Figure 6.25 with a 
straight line with a slope of 1. The GcIc-prop values are well above the dashed line, 
indicating that fibre bridging occurred in all the composites, and the contribution to 
energy absorption by fibre bridging is more significant than the contribution from the 
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matrix deformation in steady state crack propagation. This is expected, because the 
energy absorption by the fibre bridging mechanisms can be enormous [142, 205]. The 
use of M52N or M22N to modify the epoxy matrix of the CFRP-composites was found 
to have no effect on the fibre bridging mechanisms, as shown by the approximately 
constant values of the difference between GcIc-prop and GcIc-int, see Figure 6.24. This may 
due to the relatively small plastic deformation zone ahead of the crack tip in the 
modified epoxies, because the fibre bridging mechanisms are directly related to the size 
of the plastic deformation zone ahead of the crack tip [137, 204, 209]. The reduction of 
the fibre-matrix adhesion was observed for the M52N or M22N modified composites. 
However, it is expected to have a negligible effect on the values of GcIc-prop because, in 
the propagation region, the cracks in all the composites mainly propagate through the 
interface between the fibre and the matrix, so a slight decrease of the fibre-matrix 
adhesion should not give a big impact on the fibre bridging mechanisms. This will be 
discussed in detail in the toughening mechanism chapter below. 
 
 
Figure 6.25. Mode I interlaminar propagation fracture energy, GcIc-prop, versus Mode I interlaminar 
initiation fracture energy, GcIc-int, for the CFRP-composites with unmodified or modified MCDEA cured 
epoxy matrix. 
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6.9. Toughening mechanisms of fibre-reinforced 
composites 
The toughening mechanisms of all the CFRP-composites were investigated by 
examining the interlaminar fracture surfaces after the DCB tests. Two regions were 
examined, one was the initiation region immediately after the pre-crack and the other 
was the propagation region at least 30 mm behind the pre-crack, which was the region 
under steady state crack propagation. FEG-SEM was used to obtain high resolution 
micrographs. The results for each formulation of the CFRP-composites are discussed 
individually in the subsequent sections.  
 
6.9.1. Unmodified composites 
Figure 6.26 shows that the unmodified CFRP-composite failed with a mixture of 
cohesive and fibre-matrix interfacial failure at the initiation region immediately after the 
pre-crack. Some fibre pull-out and fibre debonding was observed. The surface of the 
fibres appeared to be bare, with little epoxy left on the surface. This indicates that crack 
propagation occurs at the fibre-matrix interface or very close to the interface. The 
fracture surface has a brittle appearance, see Figure 6.26a-b, which shows limited 
plastic deformation.  Only a few riverlines were observed. 
 
The propagation region of the fracture surface of the unmodified CFRP-
composite was multi-planar, see Figure 6.27. A lot of loose fibres or fibre bundles as 
well as broken fibre ends were observed. Fibres were torn out of or peeled off from their 
original layer. The formation of these features was due to the fibres bridging the open 
crack surfaces during the crack propagation. This loss of planarity of the interlaminar 
fracture surface and the fibre bridging mechanisms has been explained in the literature. 
For the multi-planarity, Greenhalgh [209] states that the plastic deformation zone ahead 
of the crack tip in a composite may extend through the thickness by about several fibre 
diameters, and thus induces fibre-matrix debonding and multi-planarity in this zone. For 
the cause of fibre bridging, Huang and Hull [142] state that fibre bridging in a 
unidirectional composite arises from misalignment of the fibres across the crack plane 
and/or the growth of the crack on more than one plane.  
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(a) 
 
(b) 
Figure 6.26. FEG-SEM micrograph of the fracture surface of the CFRP-composite with unmodified 
MCDEA cured epoxy matrix, taken in the initiation region around the pre-crack, (a) low magnification; (b) 
high magnification. 
 
 
Figure 6.27. FEG-SEM micrograph of the fracture surface of the CFRP-composite with unmodified 
MCDEA cured epoxy matrix, taken in the steady state crack propagation region. 
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6.9.2. M52N modified composites 
The interlaminar fracture surfaces of the 10 wt% M52N modified CFRP-composites 
show that the crack propagation was mainly through the fibre-matrix interface in the 
initiation region immediately after the pre-crack. Figure 6.28 shows many bare fibres 
with little epoxy remaining on them. This indicates that the composite failed at the 
fibre-matrix interace or very close to the interface. A region of the epoxy-rich matrix 
around the fibres was examined at a higher magnification in Figure 6.28b. Enhanced 
matrix plastic deformation was observed, and the fracture surface of the 10 wt% M52N 
modified epoxy matrix has a nodule-like texture. A few debonded fibres were also 
observed. This suggests that the strength of the fibre-matrix bonding was reduced by the 
addition of the M52N block copolymer.  
 
The fracture surface in the propagation region, shown in Figure 6.29, was 
similar to the unmodified composite. The fracture surface was multi-planar with lots of 
loose fibres or fibre bundles. Broken fibres or fibre bundles were also observed. These 
observations indicate that the fibre bridging mechanism also occurred here, and the 
addition of the M52N block copolymer did not affect the fibre bridging mechanisms. 
This result is corroborated by the approximately equivalent values of the GcIc-prop – GcIc-
int for the composites, which indicates that a similar amount of energy was absorbed by 
the fibre bridging in each.  
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(a) 
 
(b) 
Figure 6.28. FEG-SEM micrograph of the fracture surface of the CFRP-composite with 10 wt% M52N 
modified MCDEA cured epoxy matrix, taken in the initiation region around the pre-crack in the DCB 
specimen, (a) low magnification; (b) high magnification. 
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Figure 6.29. FEG-SEM micrograph of the fracture surface of the CFRP-composite with the 10 wt% 
M52N modified MCDEA cured epoxy matrix, taken in the steady state crack propagation region. 
 
6.9.3. M22N modified composites 
The interlaminar fracture surface of the 10 wt% M22N modified CFRP-composite in the 
initiation region immediately after the pre-crack shows that the composite also failed 
with a mixture of matrix cohesive and fibre-matrix interfacial failure similar to the 
unmodified CFRP-composite, see Figure 6.30. The 10 wt% M22N modified epoxy 
matrix has a brittle appearance with limited macroscopic plastic deformation. Only a 
few riverlines were observed. At a higher magnification, in Figure 6.30b, microscopic 
matrix tearing and a nodule-like texture were observed. The surfaces of the fibres were 
found to be bare, with little evidence of epoxy remaining on them. These findings 
indicate that failure occurs at the fibre-matrix interface, and fibre debonding was 
occurred. 
 
Cavitation of the spherical micelles in the M22N modified epoxy matrix could 
not be investigated, because it is difficult to provide high resolution images for the fibre 
reinforced composites due to the rough fracture surface and the debonded fibres. 
Nevertheless, after several attempts to obtain high resolution images of the nanometre-
sized cavities, it was found that the topography of the fracture surface of the matrix of 
the M22N modified CFRP-composite closely resembled the bulk M22N modified 
epoxies, see Figure 6.30b. Cavitation of the spherical micelles may still occur in the 
M22N modified CFRP-composites.  
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Although a morphology change by the presence of reinforcing fibres has been 
reported by Varley and Hodgkin [215] for a polysulfone (PSF) modified epoxy matrix 
(which resulted in a micron-sized particulate microstructure), this is not likely in the 
case of fibre reinforced composites with MAM modified epoxy matrices because the 
nanometre-sized spherical micelles are significantly smaller than the size of the fibres 
(about several micrometres [68, 136]). Furthermore, the GcIc-int value of the 10 wt% 
M22N modified CFRP-composite is very close to the GIc value of the bulk 10 wt% 
M22N modified epoxy. This supports that the same morphology as the bulk M22N 
modified epoxies resulted in the matrix of the M22N modified CFRP-composites, and 
hence also suggests that cavitation of the spherical micelles also occurred. 
 
The interlaminar fracture surface of the 10 wt% M22N modified CFRP-
composite at the propagation region was again similar to the unmodified CFRP-
composite, see Figure 6.31. Lots of loose fibres or fibre bundles as well as broken fibre 
ends were observed. The fracture surface was multi-planar, indicating that the 
deformation zone around the crack tip extended for several fibre layers. Indeed, the size 
of the plastic deformation zone estimated using Irwin’s model [77, 216] supported this 
finding. The radius of the plastic zone, rpz, can be estimated from the following equation: 
ݎ௣௭ ൌ ቀ ଵ଺గቁ ൬
௄಺೎
ఙ೤೟൰
ଶ
       (6.2) 
where σyt is the tensile yield stress converted from σyc using Equation 3.4. The 
conversion between GIc and KIc for plane strain stress state follows Equation 3.6. The 
value of rpz for the 10 wt% M22N modified CFRP-composite in the propagation region 
was estimated as 18 μm. This suggests that the plastic deformation zone may contain a 
region equal to 2-3 fibres on each side of the crack plane, because the diameter of the 
carbon fibres is reported as 7-10 μm in the literature [68]. The resin residuals on the 
fibre surfaces show that the fibre-matrix interfacial adhesion was not reduced by the 
addition of the M22N block copolymer in the epoxy matrix.    
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(a) 
 
(b) 
Figure 6.30. FEG-SEM micrograph of the fracture surface of the CFRP-composite with 10 wt% M22N 
modified MCDEA cured epoxy matrix, taken in the initiation region around the pre-crack. 
 
 
Figure 6.31. FEG-SEM micrograph of the fracture surface of the CFRP-composite with the 10 wt% 
M22N modified MCDEA cured epoxy matrix, taken in the steady state crack propagation region. 
 
Matrix tearing 
marks 
Fibre 
Pre-crack 
Crack direction
Resin remnant on the Fibre 
Broken fibre end 
Pre-crack 
Fibre 
Matrix 
Crack direction
Crack direction
232 
 
6.10 Conclusions 
Two MAM block copolymers, M52N and M22N, have been studied as the potential 
toughening agents for MCDEA cured DGEBA epoxy and its corresponding CFRP-
composite. Organised nanostructures were successfully formed in the M52N/M22N 
modified epoxies, so no macroscopic phase separation occurred. Two morphologies 
were observed in the bulk M52N/M22N modified epoxies: (i) dispersed spherical 
micelles and (ii) dispersed worm-like micelles (or bicontinuous gyroid microstructure).  
  
The Tg of the unmodified MCDEA cured DGEBA epoxy was 185 °C. It was not 
reduced by the addition of a relatively low amount of the block copolymers, until the 
addition of 30 wt% of M52N or 10 wt% of M22N. The E and σyc of the epoxy were 
reduced slightly by the addition of M52N/M22N, due to the relative softness of the 
M52N/M22N.  
 
The addition of M52N/M22N was found to significantly increase the GIc and KIc 
of the epoxy. The addition of M22N improved the toughness of the epoxy similar to the 
addition of M52N. The toughening mechanism for the M52N or M22N modified epoxy 
with worm-like micelles is localised plastic yielding triggered by the release of the tri-
axial stress state in front of the crack tip by the soft worm-like micelles (or three 
dimensions soft PbuA network) and the PMMA-epoxy interface. The toughening 
mechanism for the M52N or M22N modified epoxy with spherical micelles is the 
cavitation of the spherical micelles and the enhanced ductility of the epoxy matrix due 
to the localised plasticisation effect of the epoxy/PMMA interface or mixing region.  
 
For each formulation of the CFRP-composites, the GcIc-int value and the GcIc-prop 
value were determined. It was found that full toughness transfer was obtained in the 
unmodified CFRP-composite, while only partial toughness transfer was obtained in the 
10 wt% M52N and the 10 wt% M22N modified CFRP-composites.  
 
 The toughening mechanisms of all the CFRP-composites have been studied 
through examining the interlaminar fracture surfaces. The unmodified CFRP-composite 
and the 10 wt% M22N modified CFRP-composite were found to fail with a mixture of 
cohesive and fibre-matrix interfacial failure at the initiation region. The 10 wt% M52N 
233 
 
modified CFRP-composite failed mainly through the fibre-matrix interface at the 
initiation region. The toughening mechanisms that were found in the bulk 10 wt% 
M52N or the bulk 10 wt% M22N modified epoxies were observed in the matrix of its 
corresponding CFRP-composites. The interlaminar fracture surfaces at the propagation 
region for all the CFRP-composites were similar with lots of loose fibres or fibre 
bundles as well as broken fibre ends. These findings indicate that the fibre bridging 
mechanisms were occurred in all these CFRP-composites, and the addition of the 
M52N/M22N block copolymers to the epoxy matrix did not affect the fibre bridging 
mechanisms. 
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Chapter 7 
Comparison of Block Copolymer 
Toughening  
 
7.1 Introduction 
Block copolymer toughening of the anhydride cured and the aromatic amine cured 
diglycidyl ether of bisphenol-A (DGEBA) epoxy systems has been presented in 
Chapters 5 and 6, respectively. The present chapter will compare the block copolymer 
toughening in the two epoxy systems. Five aspects of the toughening will be discussed, 
namely morphology, stiffness behaviour, yield behaviour, fracture behaviour and 
toughening mechanisms. For the continuous fibre modified polymer (CFRP) composites 
with the block copolymer modified epoxies as the matrix, the fracture behaviour and the 
toughening mechanisms will be discussed. Selected micrographs and experimental 
results from Chapters 5 and 6 are included in the present chapter for ease of reference 
and to enable comparisons to be readily seen and discussed.  
 
7.2 Bulk epoxies 
7.2.1 Morphology 
The morphologies of the unmodified anhydride cured epoxy and the unmodified 
aromatic amine, 4,4’-methylenebis-(3-chloro 2,6-diethylaniline) (MCDEA), cured 
epoxy were found to be featureless, which indicate they are single phase, homogenous 
materials. This is expected for unmodified thermosetting polymers [79].  The addition 
of block copolymer, M22N or M52N, changed the morphology of the epoxies. (M52 
block copolymer was not considered in the present chapter, because it was not used as 
toughening agent in the MCDEA cured epoxy system.)  
 
 The addition of the M22N block copolymer formed nanostructures in both 
epoxies. For the M22N modified anhydride cured epoxies, a nanostructure of dispersed 
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worm-like micelles (or a three-dimensional bicontinuous gyroid nanostructure) was 
found, see Figure 7.1. For the M22N modified MCDEA cured epoxies, a nanostructure 
of dispersed worm-like micelles was only observed in the epoxies containing 5 wt% 
M22N, see Figure 7.2a. For the MCDEA cured epoxies containing 10-30 wt% M22N, a 
nanostructure of dispersed spherical micelles was found, see Figure 7.2b. This indicates 
that the morphology of the nanostructured block copolymer modified epoxies is 
dependent on the epoxy system employed. Such a dependence of the morphology of the 
M22N/M52N modified epoxies on the epoxy system is expected, because the formation 
of nanostructures in epoxy by the addition of block copolymers is dependent on 
competitive kinetics and the micellisation process of the block copolymers [44]. The 
technical datasheet [144] of the M22N and M52N also reports  that the morphologies of 
M22N/M52N modified epoxies are dependent on the chemistry of the epoxy system. 
 
 
Figure 7.1. AFM phase micrograph of 10 wt% M22N modified anhydride cured epoxy. 
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       (a)         (b) 
Figure 7.2. AFM phase micrographs showing the morphology of the modified MCDEA cured epoxies 
containing: (a) 5 wt% M22N and (b) 30 wt% M22N. 
 
 For the M52N block copolymer toughening, the formation of nanostructures was 
only found in the MCDEA cured epoxies. In the anhydride cured epoxies, macrophase 
separation of the M52N block copolymer as micron-sized M52N particles was found. 
Here, macrophase separation of the block copolymer-epoxy blend means that separation 
of the blend components occurs into domains larger than the nanoscale, and by contrast 
microphase separation of the block copolymer-epoxy blend means that separation of the 
blend components occurs into domains with a size of nanoscale. The M52N modified 
MCDEA cured epoxies were found to have a nanostructure of dispersed worm-like 
micelles when containing 10 wt% of M52N and a nanostructure of dispersed spherical 
micelles when containing all other concentration of M52N employed in the present 
study (3-7 wt% and 15-30 wt%). For the M52N modified anhydride cured epoxies, 
micron-sized M52N particles were found well dispersed in the epoxies containing ≤ 7 
wt% of M52N, and partially phase inverted and completely phase inverted 
microstructures were found in the anhydride cured epoxies containing ≥ 10 wt% of 
M52N. The different phase separation process in the anhydride cured and MCDEA 
cured epoxy systems is due to the different miscibility of the epoxy miscible 
poly(methyl methacrylate) (PMMA) block of the M52N towards the two epoxy systems, 
because the formation of a nanostructure in the block copolymer modified epoxy 
requires the epoxy miscible block to remain well mixed with the epoxy until a very high 
conversion of the epoxy network [44, 45]. It has been reported by Ritzenthaler et al. [12] 
that the miscibility between epoxy and PMMA can be affected by the curing agents 
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used. Here M52N is more miscible with the MCDEA cured epoxy than with the 
anhydride cured epoxy. 
 
7.2.2 Stiffness behaviour 
The tensile modulus, E, of the epoxies was reduced by the addition of M22N or M52N, 
see Table 7.1. This is expected, because the M22N/M52N block copolymers are 
relatively soft compared to the epoxy. Figure 7.3 shows plots of the normalised tensile 
modulus versus the content of the block copolymers for the epoxies. It can be seen that 
the E of the epoxies decreases almost linearly with the increasing content of the M22N 
or M52N. The modified epoxies with nanostructures were found to retain the tensile 
modulus better than the M52N modified anhydride cured epoxies with macrophase 
separated M52N domains. This may be due to the nanostructures in the M22N/M52N 
modified epoxies optimising the interactions between the epoxy matrix and the 
M22N/M52N block copolymers. 
 
 
Figure 7.3. Normalised tensile modulus versus the content of M22N/M52N for the anhydride cured 
epoxies and the MCDEA cured epoxies. 
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Table 7.1. Summary of the room temperature tensile modulus of the M22N/M52N modified epoxies from 
the anhydride cured and the MCDEA cured epoxy systems. 
Content of modifier Anhydride system MCDEA system 
 E (GPa) E (GPa) 
Unmodified 2.90 (±0.02) 2.64 (±0.05) 
2 wt% M22N 2.87 (±0.05) N/D 
3 wt% M22N 2.85 (±0.03) N/D 
5 wt% M22N 2.80 (±0.02) 2.66 (±0.02) 
7 wt% M22N 2.80 (±0.04) N/D 
10 wt% M22N 2.82 (±0.03) 2.66 (±0.04) 
12 wt% M22N 2.69 (±0.05) N/D 
15 wt% M22N N/D 2.59 (±0.05) 
30 wt% M22N N/D 2.43 (±0.02) 
Content of modifier Anhydride system MCDEA system 
 E (GPa) E (GPa) 
Unmodified 2.90 (±0.02) 2.64 (±0.05) 
2 wt% M52N 2.81 (±0.03) N/D 
3 wt% M52N 2.81 (±0.08) 2.62 (±0.05) 
5 wt% M52N 2.69 (±0.05) 2.53 (±0.04) 
7 wt% M52N 2.63 (±0.05) 2.49 (±0.02) 
10 wt% M52N 2.32 (±0.05) 2.42 (±0.01) 
12 wt% M52N 2.18 (±0.02) N/D 
15 wt% M52N N/D 2.40 (±0.02) 
30 wt% M52N N/D 2.05 (±0.02) 
 
7.2.3 Yield behaviour 
The compressive yield stress, σyc, of the anhydride and the MCDEA cured epoxies are 
summarised in Table 7.2. In both epoxy systems, the σyc exhibits a linear decrease with 
the increasing content of the block copolymers (M22N & M52N), see Figure 7.4. This 
is expected, because the block copolymers are relatively soft compared to the epoxy 
matrix. The M52N modified MCDEA cured epoxies retained the yield stress better than 
the M52N modified anhydride cured epoxies. This is interpreted to be due to the 
nanostructure formed in the M52N modified MCDEA cured epoxies compared to the 
micron-sized particulate structure formed in the M52N modified anhydride cured 
epoxies as was mentioned before. However, the effect is small compared to that for the 
modulus. 
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The σyc of the M22N/M52N modified epoxies was compared with the Mode I 
fracture energy, GIc, to investigate the relationship between the yield behaviour and the 
fracture behaviour of the epoxies. Figure 7.5 plots GIc versus σyc for the anhydride cured 
and the MCDEA cured epoxies. This shows that the relationship between the yield 
behaviour and the fracture behaviour of the epoxies was dependent on the epoxy 
systems and the morphologies of the modified epoxies. This will be discussed in detail 
in the toughening mechanisms section presented below. However, in either one of the 
epoxy systems investigated in the present study, if the epoxies have similar morphology, 
the fracture energy increases as the yield stress decreases. 
 
Table 7.2. Summary of the compressive yield stress of the M22N/M52N modified epoxies from the 
anhydride cured and the MCDEA cured epoxy systems. 
Content of modifier Anhydride system MCDEA system 
 σyc (MPa) σyc (MPa) 
Unmodified 107 (±0) 101 (±1) 
2 wt% M22N 106 (±0) N/D 
3 wt% M22N 106 (±0) N/D 
5 wt% M22N 104 (±1) 99 (±0) 
7 wt% M22N 104 (±1) N/D 
10 wt% M22N 101 (±1) 93 (±1) 
12 wt% M22N 99 (±1) N/D 
15 wt% M22N N/D 90 (±0) 
30 wt% M22N N/D 79 (±1) 
Content of modifier Anhydride system MCDEA system 
 σyc (MPa) σyc (MPa) 
Unmodified 107 (±0) 101 (±1) 
2 wt% M52N 105 (±0) N/D 
3 wt% M52N 103 (±1) 97 (±1) 
5 wt% M52N 99 (±0) 97 (±2) 
7 wt% M52N 95(±1) 93 (±2) 
10 wt% M52N 94 (±1) 91 (±1) 
12 wt% M52N 88 (±3) N/D 
15 wt% M52N N/D 85 (±1) 
30 wt% M52N N/D 70 (±0) 
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Figure 7.4. Normalised compressive true yield stress versus the content of M22N/M52N for the anhydride 
cured and the MCDEA cured epoxies. 
 
 
Figure 7.5. Fracture energy, GIc, versus compressive true yield stress, σyc, for the anhydride cured and the 
MCDEA cured epoxies. 
 
7.2.4 Fracture behaviour 
The Mode I fracture energy, GIc, and the Mode I critical stress intensity factor, KIc, of 
the M22N/ M52N modified epoxies from the anhydride cured and the MCDEA cured 
epoxy systems are summarised in Table 7.3. The addition of the block copolymers 
(M22N and M52N) increases the fracture toughness of the epoxies, and the fracture 
toughness increases as the concentration of the M22N/M52N increases.  
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The toughening performance of the M22N/M52N was found to be dependent on 
the epoxy system, see Figures 7.6 and 7.7, which plot the normalised GIc and KIc versus 
the content of M22N/M52N for the anhydride cured and the MCDEA cured epoxies. It 
can be seen that with a similar morphology (micelle dispersed nanostructures were 
formed in all the M22N modified epoxies) the M22N modified anhydride cured epoxies 
have higher values of the GIc and KIc than the M22N modified MCDEA cured epoxies. 
This was due to the different crosslink density of the epoxies. As stated in Chapters 5 
and 6, the number average molecular weight, Mnc, for the anhydride cured and the 
MCDEA cured DGEBA epoxy was 410 g/mol and 274 g/mol, respectively. The 
anhydride cured epoxy has the lower crosslink density, and better toughenability 
compared with the MCDEA cured epoxy, explaining the higher toughness. The role of 
crosslink density on block copolymer toughened epoxy has been investigated by 
Thompson et al. [123]. They showed that, by employing a constant amount of a model 
poly(ethylene oxide)-b-poly(ethylene-alt-propylene) (OP) block copolymer as the 
toughening agent, the GIc of the OP modified epoxies increases rapidly as the crosslink 
density of the epoxies decreases. These OP modified epoxies were reported to have 
nanostructures containing nanometre-sized micelles of various shapes (spherical, 
ellipsoidal, or disk-like). Hence, their findings are in good agreement with the results 
obtained in the present study. 
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Table 7.3. Summary of the Mode I critical stress intensity factor and the Mode I fracture energy of the 
M22N/M52N modified epoxies from the anhydride cured and the MCDEA cured epoxy systems. 
Content of modifiers Anhydride system MCDEA system 
 KIc (MPa·m1/2) GIc (J/m2) KIc (MPa·m1/2) GIc (J/m2) 
Unmodified 0.60 (±0.03) 102 (±8) 0.74 (±0.03) 143 (±9) 
2 wt% M22N 0.73 (±0.01) 162 (±12) N/D N/D 
3 wt% M22N 0.73 (±0.04) 182 (±2) N/D N/D 
5 wt% M22N 0.91 (±0.07) 245 (±38) 0.80 (±0.02) 192 (±20) 
7 wt% M22N 1.05 (±0.05) 340 (+16) N/D N/D 
10 wt% M22N 1.22 (±0.05) 407 {±32) 0.95 (±0.01) 276 (±14) 
12 wt% M22N 1.22 (±0.04) 450 (±19) N/D N/D 
15 wt% M22N N/D N/D 1.06 (±0.02) 353 (±13) 
30 wt% M22N N/D N/D 1.40 (±0.02) 739 (±32) 
Content of modifiers Anhydride system MCDEA system 
 KIc (MPa·m1/2) GIc (J/m2) KIc (MPa·m1/2) GIc (J/m2) 
Unmodified 0.60 (±0.03) 102 (±8) 0.74 (±0.03) 143 (±9) 
2 wt% M52N 0.74 (±0.02) 165 (±12) N/D N/D 
3 wt% M52N 0.85 (±0.03) 233 (±24) 0.76 (±0.04) 187 (±17) 
5 wt% M52N 0.84 (±0.02) 218 (±2) 0.84 (±0.03) 205 (±13) 
7 wt% M52N 0.93 (±0.04) 303 (±18) 0.87 (±0.05) 211 (±19) 
10 wt% M52N 2.01 (±0.20) 1466 (±294) 0.91 (±0.01) 269 (±13) 
12 wt% M52N 0.57 (±0.02) 89 (±18) N/D N/D 
15 wt% M52N N/D N/D 1.03 (±0.02) 360 (±24) 
30 wt% M52N N/D N/D 1.18 (±0.05) 569 (±41) 
 
 
Figure 7.6. Normalised Mode I fracture energy versus the content of the M22N/M52N for the anhydride 
cured and the MCDEA cured epoxies. 
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Figure 7.7. Normalised Mode I stress intensity factor versus the content of the M22N/M52N for the 
anhydride cured and the MCDEA cured epoxies. 
 
7.2.5 Toughening mechanisms 
By comparing the results for the M22N/M52N modified epoxies, it was found that the 
toughening mechanisms of the block copolymer modified epoxies were dependent on 
the morphology and the characteristics of the epoxy system. 
 
 The dependency of the toughening mechanisms on the morphology of the block 
copolymer modified epoxies was evidenced in the M52N modified epoxies. A number 
of different morphologies were observed in the anhydride cured and MCDEA cured 
epoxies, and the toughening mechanisms responsible for the toughness increase in these 
M52N modified epoxies were found to be different, as detailed in Chapters 5 and 6. For 
example, the major toughening mechanisms for the M52N modified anhydride cured 
epoxies with dispersed micron-sized M52N particles were found to be the cavitation of 
the M52N particles and the following plastic void growth. The toughening mechanisms 
for the M52N modified MCDEA cured epoxies with dispersed spherical nanometre-
sized micelles are the cavitation of the spherical micelles and the enhanced plastic 
deformation of the epoxy matrix due to the localised plasticisation effect of the 
epoxy/PMMA interface or mixing region. The dependency of the toughening 
mechanisms on the morphology of the block copolymer modified epoxies is expected, 
because the microstructure of the materials determines their properties [217]. Due to the 
significant difference of the size between the spherical micelles and the M52N particles, 
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it is expected that the effect of the cavitation of the spherical micelles is different from 
the effect of the cavitation of the micron-sized M52N particles. The cavitation of the 
spherical micelles induced little or no plastic void growth (The radius of the cavities is 
about 5 nm which is similar to the radius of the spherical micelles). This may be due to 
the small size of the spherical micelles which is about 8-16 nm in radius. Hence, the 
toughening contribution from the cavitation of the spherical micelles should be low. The 
presence of the small cavities caused by the cavitation of the spherical micelles may 
only have the effect to release the tri-axial stress state in front of the crack tip to 
facilitate shear yielding of the epoxy matrix. In the M52N modified MCDEA cured 
epoxies with dispersed spherical micelles, the increase of the fracture toughness was 
mainly due to the plasticisation effect of the epoxy/PMMA interface. The epoxy/PMMA 
interface was formed around the spherical PbuA micelles as the shell of these micelles, 
because the confinement of the covalent bonds between the PbuA block and the PMMA 
block. At the epoxy/PMMA interface, the epoxy soluble PMMA blocks remained in the 
epoxy matrix in the vicinity of the PbuA micelles should plasticise the epoxy matrix, 
because PMMA normally have a higher toughness compared to epoxy (Atkins et al. 
[214] reported that the GIc of PMMA was approximately 300 J/m2 when tested with a 
displacement rate of 0.6 mm/min at 23°C.). Further, since the spherical micelles are 
small, the contact area between the spherical micelles and the epoxy matrix is large. 
This suggests that the volume of the epoxy/PMMA interface should be large, and 
consequently the plasticisation effect of the epoxy/PMMA interface is significant.  
. 
  For the 5 wt% M22N modified anhydride cured and MCDEA cured epoxies, a 
similar dispersed nanometre-sized worm-like micelle morphology was observed, but the 
principal toughening mechanisms responsible for the fracture toughness increase were 
found to be different. The principal toughening mechanism for the M22N modified 
anhydride cured epoxies was shear band yielding. For the M22N modified MCDEA 
cured epoxies, it was the localised plastic yielding triggered by the release of the tri-
axial stress state in front of the crack tip by the soft worm-like micelles (or three 
dimensional soft PbuA network) and the PMMA-epoxy interface. The different 
toughening mechanisms are due to the different yield processes of the anhydride cured 
and the MCDEA cured DGEBA epoxy. Considering the compressive true stress-strain 
curves, strain softening was found for the anhydride cured epoxy but was not found for 
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the MCDEA cured epoxy. As strain softening is a pre-requisite for shear band yielding 
to occur as reported by many researchers [47, 76], this indicates that the characteristic of 
the epoxy system influences the toughening mechanisms of the block copolymer 
modified epoxies. 
 
7.3 Fibre reinforced composites 
7.3.1 Fracture behaviour 
The interlaminar fracture energy of the carbon fibre reinforced polymer (CFRP) 
composites is summarised in Table 7.4. The addition of the block copolymer 
(M22N/M52N) in the epoxy matrix of the CFRP-composites increases the fracture 
energy, although the efficiency of the transfer of toughness from the bulk epoxy to the 
composite was dependent on the epoxy system, see Figure 7.8. Full or nearly full 
toughness transfer from the M22N/M52N modified bulk epoxy to the CFRP-composite 
was obtained. The slightly lower than full toughness transfer from the bulk 
M22N/M52N modified MCDEA cured epoxies to the corresponding CFRP-composites 
was due to the relatively low adhesion of the MCDEA cured epoxy to the carbon fibres.  
 
 Hunston et al. [139, 206] reported that polymer matrix materials with bulk GIc 
between 300 to 650 J/m2 may provide the optimum efficiency in the translation of the 
bulk fracture toughness to the interlaminar toughness of fibre-reinforced composites. 
Beyond this range of GIc, composite initiation interlaminar toughness GcIc-int changes 
from equal or greater than to less than the toughness of matrix resin. In the present study, 
the GIc of the matrix resins employed is all less than 300 J/m2, see Table 7.4. According 
to Hunston et al. [139, 206], full or nearly full toughness transfer should be obtained. 
Indeed, for all the CFRP-composites manufactured in the present study, the toughness 
transfer from the bulk epoxies to the CFRP-composites is good, see Figure 7.8 and 
Table 7.4. The GcIc-int of the CFRP-composites is approximately equal to or slightly less 
than the GIc of the corresponding bulk unmodified/MAM modified cured epoxies if the 
experimental uncertainty was considered. This indicates that the experimental results 
obtained are in a good agreement with the fracture behaviour relationship between bulk 
resin and fibre-reinforced composite summarised by Hunston et al. [139, 206].  
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Table 7.4. Summary of the Mode I interlaminar crack initiation fracture energy, GcIc-int, and the steady 
state crack propagation fracture energy, GcIc-prop, of the CFRP-composites. The corresponding room 
temperature GIc values of the bulk epoxies are also provided for reference. 
Anhydride cured DGEBA epoxy system 
Composite formulations GcIc-int (J/m2) GcIc-prop (J/m2) GIc (J/m2) 
Unmodified 133 (±7) 333 (±21) 102 (±8) 
5 wt% M22N 207 (±30) 392 (±61) 245 (±38) 
5 wt% M52N 197 (±47) 495 (±26) 218 (±2) 
MCDEA cured DGEBA epoxy system 
Composite formulations GcIc-int (J/m2) GcIc-prop (J/m2) GIc (J/m2) 
Unmodified (DM) 143 (±14) 523 (±21) 143 (±9) 
10 wt% M22N (DM) 224 (±19) 604 (±47) 276 (±14) 
10 wt% M52N (DM) 221 (±44) 643 (±19) 269 (±13) 
 
 
Figure 7.8. Mode I interlaminar fracture energy, GcIc, (for initiation from pre-crack and steady state crack 
propagation) of the CFRP-composites, presented as a function of the respective bulk Mode I fracture 
energy, GIc. The dashed line has slope of 1. 
 
7.3.2 Toughening mechanisms 
Since the toughening mechanisms occurred in the CFRP-composites are the same as 
those in the bulk epoxies, it is not necessary to repeat the discussion again in this section. 
 
 However, it was found that the anhydride cured epoxy provides better adhesion 
to the carbon fibres employed than the MCDEA cured epoxy, as shown in Figure 7.9. 
For the composite with the anhydride cured epoxy matrix, the crack propagation from 
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the pre-crack was mainly by cohesive failure through the epoxy matrix. The composite 
with the MCDEA cured epoxy matrix failed with a mixture of cohesive and fibre-matrix 
interfacial failure in the initiation region immediately after the pre-crack. These results 
explain the good toughness transfer for the unmodified/modified anhydride cured 
epoxies and the relatively poor toughness transfer for the block copolymer modified 
MCDEA cured epoxies, because the interfacial debonding between the fibres and the 
matrix has limited the plastic deformation of the matrix and reduced the energy 
dissipation during crack propagation. Partial toughness transfer was observed for the 
CFRP-composites with the 10 wt% M52N modified MCDEA cured epoxy matrix, and 
it can be seen that crack propagation in this CFRP-composite was mainly due to fibre-
matrix interfacial failure, see Figure 7.10.  
 
  
          (a)              (b) 
Figure 7.9. FEG-SEM micrograph of the fracture surface of the CFRP-composite, taken in the initiation 
region around the pre-crack in the DCB specimen. (a) with the unmodified anhydride cured epoxy matrix; 
(b) with the unmodified MCDEA cured epoxy matrix. 
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Figure 7.10. FEG-SEM micrograph of the fracture surface of the CFRP-composite with 10 wt% M52N 
modified MCDEA cured epoxy matrix, taken in the initiation region around the pre-crack in the DCB 
specimen. 
 
Fibre-matrix adhesion and its effect on the composite interlaminar fracture 
toughness have been reported in the literature. Bradley [138] investigated the 
relationship of matrix toughness to interlaminar fracture toughness for several 
composites. He reported that full translation of the fracture toughness of the matrix resin 
to the interlaminar fracture toughness of the composites is only possible when resin 
deformation is not pre-empted by fibre-matrix interfacial debonding. Hibbs et al. [218] 
studied the interlaminar fracture toughness and fracture mechanisms of carbon fibre 
reinforced composites with five unmodified or modified epoxy matrices. They reported 
that the interlaminar fracture toughness depends on both the resin toughness and the 
fibre-matrix interfacial bond strength. Madhukar et al. [219, 220] studied fibre-matrix 
adhesion and its effect on Mode I and Mode II interlaminar fracture toughness of carbon 
fibre reinforced epoxy composites by varying the adhesion of the carbon fibres with the 
epoxy matrix using different fibre coatings. They showed that with the same carbon 
fibres in the same epoxy matrix, tested in identical conditions, the composites 
containing carbon fibres with better fibre-matrix adhesion have higher interlaminar 
fracture toughness. These results provided by the literature are in good agreement with 
the experimental data and observations obtained in the present study. 
 
7.4 Conclusions 
 The present chapter has compared the block copolymer toughening for the anhydride 
cured and the MCDEA cured DGEBA epoxy systems. The morphology, the stiffness 
Pre-crack Fibre 
Crack direction
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behaviour, the yield behaviour, the fracture behaviour and the toughening mechanisms 
of the M22N/M52N block copolymer modified epoxies have been compared and 
discussed. For the CFRP-composites containing the M22N/M52N modified epoxies as 
the matrix, the fracture behaviour and the toughening mechanisms of these composites 
have been compared and discussed. 
 
The morphologies of the M52N/M22N modified epoxies depend on the 
chemistry of the epoxy systems, the concentration of the M52N/M22N and the 
miscibility of the epoxy miscible PMMA block with the epoxy systems. 
 
 The tensile modulus, E, and the compressive yield stress, σyc, of the epoxies 
decreased with the increasing content of the M52N/M22N. The modified epoxies with 
nanostructures retain the E and σyc better than the M52N modified epoxies with 
macrophase separated micron-sized M52N particles.  
 
 The Mode I fracture energy, GIc, and the Mode I critical stress intensity factor, 
KIc, of the epoxies increased linearly with the increasing content of the M52N/M22N. 
The toughening performance of the M52N/M22M to increase the toughness of the 
epoxy is dependent on the crosslink density of the epoxy. 
 
 The toughening mechanisms of the M52N/M22N modified epoxies are 
dependent on the morphology of the modified epoxies and the characteristic of the 
epoxy systems. 
 
 The addition of the M52N/M22N increased the interlaminar toughness of the 
CFRP-composites. The toughness transfer from the bulk epoxies to the composites was 
good. Full toughness transfer was obtained for the CFRP-composites with the 
unmodified anhydride cured and the unmodified MCDEA cured epoxy matrices as well 
as the M52N/M22N modified anhydride cured epoxy matrices. Nearly full toughness 
transfer was obtained for the CFRP-composites with the M52N/M22N modified 
MCDEA cured epoxy matrices. These results are in a good agreement with the matrix 
resin/fibre-reinforced composite fracture behaviour relationship summarised by 
Hunston et al. [139, 206]. 
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 The toughening mechanisms of the unmodified/MAM modified CFRP-
composites are the same as those in the bulk epoxies. 
 
The fibre-matrix adhesion in fibre-reinforced composite influences the 
effectiveness of toughness transfer. Full toughness transfer from bulk epoxy to 
composite can only be obtained by having good fibre-matrix adhesion in the fibre-
reinforced composite. 
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Chapter 8 
Toughening of Epoxies by Amphiphilic 
Block Copolymers and Silica Nanoparticles 
 
8.1 Introduction 
The use of a combination of two or more types of different toughening agents, referred 
as hybrid toughening, is usually reported to increase the fracture toughness of epoxies to 
a level higher than that obtained using a single toughening agent [47, 56-59, 61-66, 125-
127, 129, 132-134]. However, toughening mechanisms responsible for this further 
toughness enhancement are still not fully understood, especially when nanometre-sized 
toughening agents are used as one or all of the toughening agents. The aim of this 
chapter is to examine whether further fracture toughness improvements occur in epoxies 
containing a combination of block copolymers and silica nanoparticles. This is because 
block copolymers are able to self-assemble into nanostructures and phase separate into 
micron-sized spherical particles, as mentioned in Chapters 5 and 6, although the 
addition of the silica nanoparticles may alter the morphology of the block copolymer 
phase. The morphologies, mechanical properties and thermo-mechanical properties of 
these hybrid modified epoxies will be examined. The toughening mechanisms of the 
hybrid modified epoxies containing block copolymers and silica nanoparticles will be 
identified. The interactions between the block copolymers and the silica nanoparticles 
will be explored and discussed.     
 
Two epoxy systems were employed. They were selected to maintain consistency 
with the epoxy systems used in Chapters 5 and 6. Hence, one is the accelerated 
methylhexahydrophthalic acid anhydride cured diglycidyl ether of bisphenol-A 
(DGEBA) epoxy system, and the other is the aromatic amine, 4,4’-methylenebis-(3-
chloro 2,6-diethylaniline) (MCDEA), cured DGEBA epoxy system. The anhydride 
cured DGEBA system is referred as the AD system, and the MCDEA cured DGEBA 
system is referred as the MD system. The block copolymer employed was the same 
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commercial poly(methyl methacrylate)-b-poly(butylacrylate)-b-poly(methyl 
methacrylate) (MAM) triblock copolymer used in the studies described in Chapters 5 
and 6, but only the M52N block copolymer was employed to produce the hybrid 
modified epoxies. This is because the M52N block copolymer can form micron-sized 
particles in the anhydride cured DGEBA epoxies and spherical/wormlike micelles in the 
MCDEA cured epoxies. Moreover, the M52N and M52 block copolymers are basically 
the same according to the manufactuer (Arkema) of the MAM block copolymers except 
the M52N is incorporated with dimethylacryamide (DMA) functional groups into the 
poly(methyl methacrylate) (PMMA) blocks to increase the compatibility of the PMMA 
block with more polar curing agents [111, 144]. It was also found that the M22N block 
copolymer reacted with the resin containing silica nanoparticles quickly and foamed up, 
so the M22N cannot be used to produce the hybrid modified epoxies. More detail about 
M52N was given in Chapter 3. The silica nanoparticles used were roughly spherical 
with a mean diameter of about 20 nm. They were synthesised from aqueous sodium 
silicate solution using a sol-gel technique and supplied as a master-batch at a 
concentration of 40 wt% in a DGEBA epoxy resin (EEW = 295 g/eq) as “Nanopox 
F400” by Evonik Hanse (Germany) [145]. Detailed information about the silica 
nanoparticles was also given in Chapter 3. For each epoxy system, constant silica 
nanoparticle content was used, and the M52N content was varied. 
 
The morphologies of the hybrid toughened epoxies were examined using atomic 
force microscopy (AFM). The glass transition temperatures were measured using 
dynamic mechanical thermal analysis (DMTA). The material properties were 
characterised using uniaxial tensile tests, plane strain compression (PSC) tests and 
single edge notched three point bending (SENB) tests. The toughening mechanisms of 
the hybrid toughened epoxies were investigated using field emission gun scanning 
electron microscopy (FEG-SEM). 
 
8.2 Microstructure studies 
The morphologies of the silica nanoparticle modified epoxies and the hybrid M52N-
silica nanoparticle modified epoxies were characterised using AFM. Typical AFM 
micrographs for the selected formulations are given in Figures 8.1 to 8.6. The 
unmodified AD epoxy and the unmodified MD epoxy are both homogeneous single 
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phase materials, as was shown in Figures 5.2 and 6.2, respectively. Moreover, the 
morphologies of the M52N modified AD epoxies and the M52N modified MD epoxies 
have been given in Chapters 5 and 6 of the present thesis. 
 
8.2.1 Anhydride cured epoxy system 
Figure 8.1 shows the morphology of the AD epoxy containing 5 wt% of silica 
nanoparticles. The rigid particles, which are the light coloured spots in Figure 8.1, can 
be identified as the silica nanoparticles by considering the volume fraction and the 
contrast of the hardness/softness between the rigid particles and the polymeric matrix 
(The modulus of silica was reported as 70 GPa [221] and the modulus of the epoxy was 
reported as 2.99 in Chapter 5.).  A good dispersion of the silica nanoparticles was found. 
The diameter of the silica nanoparticles was measured to be about 20 nm, which was 
consistent with the data provided by the manufacturer [145]. The addition of these silica 
nanoparticles into the M52N modified AD epoxy did not change the morphologies of 
the M52N modified AD epoxies, see Figure 8.2. Dispersed micron-sized spherical 
M52N particles were still observed in the epoxy matrix, and the size of these particles 
was approximately the same as the particles found in the AD epoxies modified with 
M52N alone. This is evidenced by comparing the radius of the M52N particles in the 
hybrid M52N-silica nanoparticle modified and the M52N modified AD epoxies in Table 
8.1. The good dispersion of the silica nanoparticles was also maintained when 3 to 5 
wt% of M52N was added.  
 
Table 8.1. Mean radius of M52N particles in the M52N and silica nanoparticles hybrid modified 
anhydride cured epoxies and the M52N modified anhydride cured epoxies. 
Content of M52N Radius of M52N particles 
with 5 wt% silica (μm) 
Radius of M52N particles 
without 5 wt% silica (μm) 
3 wt% M52N 0.20 (±0.05) 0.25 (±0.09) 
5 wt% M52N 0.35 (±0.08) 0.33 (±0.12) 
7 wt% M52N 0.25 (±0.09) 0.38 (±0.18) 
 
254 
 
  
      (a)         (b) 
Figure 8.1. AFM height and phase micrographs of the anhydride cured epoxy containing 5 wt% of silica 
nanoparticles. Some silica nanoparticles are indicated with white arrows.  
 
  
      (a)         (b) 
Figure 8.2. AFM height and phase micrographs of the anhydride cured epoxy containing 5 wt% of silica 
nanoparticles and 3 wt% of M52N. Some M52N block copolymer particles are indicated with black 
arrows. 
 
Upon the addition of 7 wt% of the M52N, agglomeration of the silica 
nanoparticles and the formation of a co-continuous morphology with epoxy-rich 
domains and M52N-rich domains were observed. The co-continuous morphology was 
observed by examining the fracture surfaces using FEG-SEM, which will be described 
later in Section 8.7. In the epoxy-rich domains, random shaped clumps of agglomerated 
silica nanoparticles with a size of 0.5 to 2.7 μm in one dimension were observed, see 
Figure 8.3a-b. The cause of the agglomeration of the silica nanoparticles were not clear, 
but this phenomenon has been reported in many studies for rubber microparticle and 
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silica nanoparticle hybrid modified epoxies [47, 56, 127, 222]. In addition to the clumps 
of silica nanoparticles, in the epoxy-rich domains, evenly dispersed silica nanoparticles 
and phase separated M52N particles were also observed. However, the M52N particles 
found in the epoxy-rich domains were smaller than the M52N particles observed for the 
AD epoxies modified with 7 wt% M52N alone, see Table 8.1. This may be due to the 
presence of the M52N-rich domains reducing the amount of M52N in the epoxy-rich 
domains, because the size of the M52N particles was shown to increase with the 
increasing content of M52N in Chapter 5. In the M52N-rich domain, large epoxy 
particles with a diameter of up to several micrometres were observed, see Figure 8.3c-d. 
The observation of a co-continuous morphology in the hybrid M52N-silica modified 
AD epoxies at a relatively low concentration of M52N relative to the AD epoxies 
modified with M52N alone may be due to two reasons. One is that the presence of the 
silica nanoparticles reduced the proportion of the epoxy relative to the M52N, and 
therefore facilitated the state transition. Another is that the presence of the silica 
nanoparticles changed the miscibility of the epoxy miscible PMMA block with the AD 
epoxy, so different phase separation behaviour of the M52N was resulted.   
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      (a)        (b) 
  
      (c)        (d) 
Figure 8.3. AFM height and phase micrographs of the anhydride cured epoxy containing 5 wt% of silica 
nanoparticles and 7 wt% of M52N. Some M52N block copolymer particles are indicated with black 
arrows and some clumps of the agglomerated silica nanoparticles are indicated with white arrows. 
 
8.2.2 MCDEA cured epoxy system 
A good dispersion of the silica nanoparticles was observed in the silica nanoparticle 
modified MD epoxy, see Figure 8.4. The addition of the silica nanoparticles to the 
M52N modified MD epoxies did not change the spherical micelle morphology of the 
epoxies, see Figure 8.5. Evenly dispersed nanometre-sized spherical M52N micelles and 
the silica nanoparticles were simultaneously present in the epoxy matrix. The number of 
the spherical M52N micelles in the hybrid M52N-silica nanoparticle modified MD 
epoxies increased with the increasing content of the M52N, see Figures 8.5 and 8.6, but 
no change of the morphology of the M52N phase was found in all the hybrid M52N-
silica nanoparticle modified MD epoxies. However, agglomeration of the silica 
M52N matrix 
Epoxy particle 
(containing no silica 
nanoparticles 
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nanoparticles was again observed after the addition of a high content of M52N. In the 
MD epoxy system, the agglomeration occurred upon the addition of 15 wt% of M52N. 
Small random shaped silica nanoparticle clusters with a size about 60-210 nm in one 
dimension were observed dispersing in the epoxy matrix, see Figure 8.6. Here the 
preservation of the good dispersion of the silica nanoparticles in the hybrid modified 
MD epoxies to a higher MAM content compared to the hybrid modified AD epoxies 
was due to the lower silica nanoparticle content (3 wt% in the MD system compared to 
5 wt% in the AD system) and the better compatibility of the epoxy miscible poly(methyl 
methacrylate) (PMMA) block to the MD epoxy system [12, 52]. 
 
  
       (a)         (b) 
Figure 8.4. AFM height and phase micrographs of the MCDEA cured epoxy containing 3 wt% of silica 
nanoparticles. Some silica nanoparticles are indicated with white arrows. 
 
  
      (a)         (b) 
Figure 8.5. AFM height and phase micrographs of the MCDEA cured epoxy containing 3 wt% of silica 
nanoparticles and 7 wt% of M52N. 
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      (a)        (b) 
Figure 8.6. AFM height and phase micrographs of the MCDEA cured epoxy containing 3 wt% of silica 
nanoparticles and 15 wt% of M52N. 
 
8.2.3 Summary 
Based on the aforementioned AFM results, it is apparent that the addition of the silica 
nanoparticles did not affect the morphologies of the M52N modified epoxies for both 
the AD and MD epoxy systems. A good dispersion of the silica nanoparticles was 
generally obtained, except upon the addition of a high content of M52N. With a fixed 
silica nanoparticle content, upon the addition of relatively low amount of M52N in the 
hybrid modified epoxies, bi-modal dispersed particulate morphologies were obtained. 
The critical content of the M52N addition for agglomeration to occur varied with 
different epoxy systems and the amount of silica nanoparticle addition. 
 
8.3 Glass transition temperature and viscoelastic 
properties 
The glass transition temperatures, Tgs, of the unmodified and modified epoxies were 
determined using DMTA. The results are summarised in Tables 8.2 and 8.3 for the AD 
epoxy system and MD epoxy system, respectively. 
 
8.3.1 Anhydride cured epoxy system 
Owing to the use of a different batch of the accelerated methylhexahydrophthalic acid 
anhydride curing agent, the Tg of the AD epoxies was slightly lower than the Tg of the 
259 
 
same AD epoxies reported in Chapter 5. The Tg of the unmodified AD epoxy in this 
case was measured as 145 °C, and the Tg of the unmodified AD epoxy used in Chapter 5 
was 161 °C. The addition of the silica nanoparticles alone or with the M52N did not 
affect the Tg of the AD epoxies, see Table 8.2, if experimental uncertainty was 
considered. This has been reported in the literature [37, 40, 56, 223]. Hsieh et al. [37] 
studied the effect of silica nanoparticles in four different epoxy systems, and they 
reported that the Tg of these epoxies was not changed by the addition of the silica 
nanoparticles. Hsieh et al. also used the silica nanoparticles along with carboxyl-
terminated butadiene-acrylonitrile (CTBN) rubber to modify the same anhydride cured 
DGEBA epoxy employed in the present study. Similarly, they reported that the addition 
of the silica nanoparticles alone or with the CTBN rubber did not affect the Tg of the 
epoxies. 
 
Table 8.2. Mean glass transition temperature, Tg, of unmodified and modified anhydride cured epoxies. 
Anhydride cured DGEBA epoxy system 
Content of M52N (wt%) Content of silica (wt%) Tg (°C) 
0 0 145 
0 5 147 
3 5 149 
5 5 147 
7 5 149 
 
8.3.2 MCDEA cured epoxy system 
The same batch of the MCDEA curing agent was used to produce all the unmodified 
and modified MD epoxies, so the Tg of the unmodified MD epoxy was the same as the 
value reported in Chapter 6, which was 185 °C. The addition of the silica nanoparticles 
has no effect on the Tg of the M52N modified MD epoxies if experimental uncertainty 
was considered, see Table 8.3. This is in line with the results obtained for the silica 
nanoparticle modified and hybrid modified AD epoxies. Further, as mentioned 
previously, according to the literature [37, 40, 223], the Tg of the epoxies may not be 
affected by the addition of the silica nanoparticles, and therefore the current DMTA 
results for the Tg of the modified MD epoxies are in line with the existing studies [37, 
40, 223]. 
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Table 8.3. Mean glass transition temperature, Tg, of unmodified and modified MCDEA cured epoxies. 
MCDEA cured DGEBA epoxy system 
Content of M52N (wt%) Content of silica (wt%) Tg (°C) 
0 0 185 
0 3 186 
3 3 184 
5 3 183 
7 3 183 
10 3 188 
15 3 187 
 
8.3.3 Summary 
It has been shown by the DMTA results that the addition of the silica nanoparticles has 
no effect on the values of the Tg for both epoxy systems. Similar findings, showing no 
change in Tg of the hybrid CTBN-silica nanoparticle modified epoxies due to the 
addition of silica nanoparticles, have been reported by other researchers [47, 56]. Baller 
et al. [223] attributed these findings to the relatively weak interaction between the silica 
nanoparticles and the epoxy matrix. 
 
8.4 Tensile properties 
The room temperature tensile properties of the unmodified and modified epoxies were 
measured using uniaxial tensile tests in accordance with the BS ISO 527 standard [151, 
152]. Tensile modulus, E, tensile strength, σts, and tensile fracture strain, εtf, were 
determined, and are summarised in Tables 8.4 and 8.5 for the AD and MD epoxy 
systems, respectively. 
 
8.4.1 Anhydride cured epoxy system 
The value of E for the unmodified AD epoxy was measured as 2.99 GPa. The addition 
of 5 wt% of the silica nanoparticles increased this to 3.19 GPa. This was as expected, 
because the modulus of silica was reported as 70 GPa [221], which is much higher than 
that of the epoxy. The values of E for the hybrid M52N-silica nanoparticle modified AD 
epoxies are generally higher than the M52N modified AD epoxies, see Figure 8.7. The 
silica nanoparticles increased the E values of the M52N modified epoxies even when 
agglomeration was present.  
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The addition of the silica nanoparticles was found to has no effect on the values 
of σts, if a good dispersion of the silica nanoparticles was present. However, 
agglomeration of the silica nanoparticles reduced the σts of the M52N modified AD 
epoxies. The value of the σts for the hybrid toughened AD epoxy with 7 wt% M52N and 
5 wt% silica nanoparticles  was  55 MPa, which is significantly lower than the value of 
σts = 72 MPa for the 7 wt% M52N modified epoxy. This indicates that the large clumps 
of the silica nanoparticles act as defects, and therefore reduce the strength of the 
materials.  The effect of adding the silica nanoparticles on εtf was similar to the effect on 
σts, as there was no effect on the εtf values if a good dispersion was attained. The εtf 
value of the AD epoxies was reduced if large clumps of agglomerated silica 
nanoparticles were present. 
 
Table 8.4. Room temperature tensile properties of the unmodified and modified anhydride cured epoxies. 
Anhydride cured DGEBA epoxy system 
Content of M52N (wt%) Content of silica (wt%) Et (GPa) σts (MPa) εtf 
0 0 2.99 (±0.08) 82 (±4) 0.045 (±0.009) 
0 5 3.19 (±0.07) 83 (±3) 0.039 (±0.003) 
3 5 2.98 (±0.05) 79 (±1) 0.048 (±0.006) 
5 5 3.10 (±0.06) 73 (±2) 0.037 (±0.002) 
7 5 2.72 (±0.11) 55 (±3) 0.035 (±0.004) 
 
 
Figure 8.7. Tensile modulus, E, versus content of the M52N block copolymer for the unmodified and 5 
wt% silica nanoparticle modified anhydride cured epoxies. 
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8.4.2 MCDEA cured epoxy system 
For the MD epoxy system, the addition of the silica nanoparticles also increased the E 
values of the unmodified and M52N modified MD epoxies, see Table 8.5. This is 
clearly shown in Figure 8.8, where the values of the E for the M52N modified epoxies 
containing 3 wt% silica nanoparticles are generally higher than for the epoxies 
containing no silica nanoparticles. Small clusters of silica nanoparticles were observed 
in the hybrid toughened MD epoxies containing 15 wt% M52N and 3 wt% silica 
nanoparticles, but these had no detrimental effect on the E values, as expected because, 
for rigid particle modified epoxies, the E is dependent on the volume fraction of fillers 
but not the morphologies of the modified epoxies. This type of behaviour has been 
widely reported in many other studies for carbon nanotube or nanoclay modified 
epoxies [196, 224-226], where a good dispersion for these fillers may not always be 
able to obtain.   
 
The values of the σts and εtf for the unmodified and M52N modified MD epoxies 
were also not affected by the addition of the silica nanoparticles, see Table 8.5. Even the 
agglomeration of the silica nanoparticles did not reduce the σts and εtf of the hybrid 
toughened epoxy. This is due to the silica nanoparticles being agglomerated in small 
clusters (≈ 100 nm) in the epoxy matrix compared to the large clumps (≈ 1.5 μm) 
observed in the hybrid toughened AD epoxy.  
 
Table 8.5. Room temperature tensile properties of the unmodified and modified MCDEA cured epoxies. 
MCDEA cured DGEBA epoxy system    
Content of M52N (wt%) Content of silica (wt%) Et (GPa) σts (MPa) εtf 
0 0 2.64 (±0.05) 56 (±2) 0.033 (±0.003) 
0 3 2.71 (±0.02) 59 (±3) 0.036 (±0.003) 
3 3 2.69 (±0.04) 63 (±3) 0.042 (±0.004) 
5 3 2.63 (±0.03) 62 (±4) 0.043 (±0.006) 
7 3 2.60 (±0.05) 62 (±1) 0.042 (±0.002) 
10 3 2.58 (±0.02) 55 (±2) 0.033 (±0.002) 
15 3 2.47 (±0.02) 55 (±2) 0.036 (±0.002) 
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Figure 8.8. Tensile modulus, E, versus content of the M52N block copolymer for the unmodified and 3 
wt% silica nanoparticle modified MCDEA cured epoxies. 
 
8.4.3 Summary 
The addition of the silica nanoparticles generally increased the E of the epoxies 
regardless of the presence of the soft M52N block copolymer or not. These results are 
consistent with those for CTBN-silica nanoparticle hybrid modified epoxies [47, 56, 
127]. They indicate that the addition of the silica nanoparticles can compensate the loss 
of the E of the epoxies caused by the presence of a soft M52N phase. The values of the 
σts and εtf for the unmodified and M52N modified epoxies were not affected by the 
addition of the silica nanoparticles, unless the silica nanoparticles agglomerated to large 
clumps in the epoxy matrix. The large clumps of the agglomerated silica nanoparticles 
act as defects and reduced the σts and εtf of the hybrid modified AD epoxies.  
 
8.5 Compressive properties 
The room temperature compressive properties of the unmodified and modified epoxies 
were measured using the PSC test according to Williams and Ford [153].  The mean 
values of the compressive true yield stress, σyc, and compressive true fracture strain, εfc, 
for the AD and MD epoxy systems are summarised in Tables 8.6 and 8.7, respectively. 
The compressive moduli of the epoxies are not always reliable owing to the compliance 
correction and frictional effects in the PSC tests [153], so they are not quoted here. 
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8.5.1 Anhydride cured epoxy system  
The addition of the silica nanoparticles was found to reduce the σyc of the unmodified 
and M52N modified AD epoxies. Figure 8.9 shows that the σyc values for the M52N 
modified AD epoxies containing 5 wt% silica nanoparticles were also generally lower 
than the σyc of the M52N modified AD epoxies containing no silica nanoparticles. The 
reduction of the σyc may be due to the presence of the silica nanoparticles caused 
localised stress concentration in the epoxy matrix, and therefore facilitated the yielding 
of the epoxy matrix and reduced the yield stress. The stress concentration effect of rigid 
particles in polymeric matrix has been demonstrated by Guild and Young [192] using 
finite element analysis. The values of the εfc for the unmodified and M52N modified AD 
epoxies were not affected by the addition of the silica nanoparticles if experimental 
uncertainty was considered, see Tables 5.3 and 8.6. 
 
Table 8.6. Room temperature compressive properties of the unmodified and modified anhydride cured 
epoxies. 
Anhydride cured DGEBA epoxy system 
Content of M52N (wt%) Content of silica (wt%) σyc (MPa) εfc 
0 0 106-107 0.94-0.94 
0 5 102-108 0.84-0.85 
3 5 94-101 0.86-0.90 
5 5 89-89 0.80-0.87 
7 5 83-95 0.81-0.84 
 
 
Figure 8.9. Compressive true yield stress, σyc, versus the content of the M52N block copolymer for the 
unmodified and 5 wt% silica nanoparticle modified anhydride cured epoxies. 
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8.5.2 MCDEA cured epoxy system 
The addition of the silica nanoparticles did not affect the values of the σyc for the 
unmodified and M52N modified MD epoxies, see Figure 8.10, if the experimental 
uncertainty was considered. This maybe due to only relatively small amount (3 wt%) of 
the silica nanoparticles was added. Furthermore, similar to the hybrid modified AD 
epoxies, the εfc of the unmodified and M52N modified MD epoxies was also not 
affected by the addition of the silica nanoparticles, see Tables 6.4 and 8.7.  
 
Table 8.7. Room temperature compressive properties of the unmodified and modified MCDEA cured 
epoxies. 
MCDEA cured DGEBA epoxy system 
Content of M52N (wt%) Content of silica (wt%) σyc (MPa) εfc 
0 0 100-101 0.66-0.67 
0 3 99-104 0.63-0.63 
3 3 96-97 0.63-0.64 
5 3 96-98 0.65-0.66 
7 3 94-95 0.66-0.67 
10 3 86-86 0.81-0.84 
15 3 86-86 0.80-0.81 
 
 
Figure 8.10. Compressive true yield stress, σyc, versus the content of the M52N block copolymer for the 
unmodified and 3 wt% silica nanoparticle modified MCDEA cured epoxies. 
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8.5.3 Summary 
The addition of the silica nanoparticles was found to have a negligible effect on the 
values of the εfc, when comparing the hybrid M52N-silica nanoparticle modified epoxies 
and the M52N modified epoxies. However, the addition of the silica nanoparticles 
reduced the σyc of the unmodified and M52N modified AD epoxies, although the 
reduction was small. A similar small reduction of the σyc for the similar anhydride cured 
epoxy by the addition of the same silica nanoparticles has been reported by Masania 
[47]. The σyc reduction found in the hybrid modified AD epoxies may due to the overlap 
of the stress field between the silica nanoparticles and the phase separated M52N 
particles. Since by using the concept of inter-particle distance, it was found that there is 
a relatively large gap between the micron-sized M52N particles. No σyc reduction was 
found for the unmodified and M52N modified MD epoxies upon the addition of the 
silica nanoparticles. The unchanged σyc of the silica nanoparticle modified MD epoxies 
maybe due to only relatively small amount (3 wt%) of the silica nanoparticles was 
added in the MD epoxies or the narrow inter-particle distance between the nanometre-
sized spherical micelles presented in the M52N modified MD epoxies. Details of the 
inter-particle surface to surface distance between the different neighboring particles in 
the hybrid modified AD and MD epoxies will be discussed in Sections 8.6 and 8.7 
below. 
 
8.6 Fracture properties 
Single edge notch three point bending (SENB) tests were conducted in accordance with 
the BS ISO 13586 standard to measure the room temperature fracture properties of the 
unmodified and modified epoxies. The Model I fracture energy, GIc, and Mode I critical 
stress intensity factor, KIc, of the epoxies were determined and summarised in Tables 
8.8 and 8.9 for the AD and MD epoxy systems, respectively. 
 
8.6.1 Anhydride cured epoxy system 
The addition of the silica nanoparticles increased the values of the GIc and KIc for the 
unmodified AD epoxy to 147 J/m2 and 0.77 MPa·m1/2 from 101 J/m2 and 0.58 
MPa·m1/2, respectively. This increase of the GIc and KIc by the addition of the silica 
nanoparticles was also observed for the M52N modified AD epoxies if agglomeration 
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did not occur. When a good dispersion was present, the addition of the silica 
nanoparticles in the M52N modified AD epoxies further increased the values of the GIc 
and KIc compared to the AD epoxies modified with M52N alone, see Tables 8.8 and 5.3.  
 
Further, the toughness enhancement in the GIc and KIc of the M52N modified 
AD epoxies owing to the addition of the silica nanoparticles follows an additive effect, 
i.e. the GIc and KIc enhancement in the hybrid M52N-silica nanoparticle toughened AD 
epoxies was approximately equal to the sum of the individual toughening contributions 
of the constituent modifiers. The additive effect is clearly shown in Figures 8.11 and 
8.12 for GIc and KIc, respectively. In Figure 8.11, it can be seen that the GIc for the 
hybrid M52N-silica nanoparticle modified epoxies were approximately overlapped by 
the sum of the M52N toughening contribution, silica nanoparticle toughening 
contribution and the GIc of the unmodified AD epoxy.  
 
The exception was when agglomeration of the silica nanoparticles and the 
formation of a co-continuous morphology occurred, as the GIc corresponding to the 
hybrid M52N-silica nanoparticle modified AD epoxy containing 7 wt% M52N and 5 
wt% silica nanoparticles was below that corresponding to the sum of the individual 
toughening contributions. This indicates that the large clumps of agglomerated silica 
nanoparticles have a detrimental effect on the fracture toughness of the AD epoxies, and 
the additive effect is not obtained once agglomeration of the silica nanoparticles occurs. 
The results for the KIc of the hybrid M52N-silica nanoparticle modified AD epoxies 
show the same behaviour as the GIc, see Figure 8.12. 
  
The toughening behaviour for the hybrid M52N-silica nanoparticle modified AD 
epoxies is in line with the results reported by Liang and Pearson [127], who also 
observed an additive toughening effect in hybrid carboxyl-terminated butadiene-
acrylonitrile (CTBN) rubber particle and silica nanoparticle modified epoxies. It will be 
demonstrated later in the Section 8.7 that the Liang and Pearson [57, 127] hypothesis 
explaining the additive toughening effect in their hybrid CTBN-silica nanoparticle 
modified epoxies can also explain the additive toughening effect in the current hybrid 
M52N-silica nanoparticle modified AD epoxies.  
 
268 
 
Table 8.8. Room temperature fracture properties of the unmodified and modified anhydride cured 
epoxies. 
Anhydride cured DGEBA epoxy system 
Content of M52N (wt%) Content of silica (wt%) KIc (MPa·m1/2) GIc (J/m2) 
0 0 0.58 (±0.06) 101 (±17) 
0 5 0.77 (±0.01) 147 (±10) 
3 5 0.98 (±0.06) 275 (±32) 
5 5 0.99 (±0.04) 261 (±21) 
7 5 0.97 (±0.05) 274 (±20) 
 
 
Figure 8.11. Mode I fracture energy, GIc, versus the content of the M52N block copolymer for the 
anhydride cured epoxies. The sum of the GIc from the unmodified anhydride cured epoxy and the 
toughening contributions from each type of modifier alone are present as the purple line, indicating an 
additive toughening effect. 
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Figure 8.12. Mode I critical stress intensity factor, KIc, versus the content of the M52N block copolymer 
for the anhydride cured epoxies. The sum of the KIc from the unmodified epoxy and the toughening 
contributions from each type of modifier alone are present as the purple line, indicating an additive 
toughening effect. 
 
8.6.2 MCDEA cured epoxy system 
The addition of 3 wt% silica nanoparticles increased the GIc and KIc of the unmodified 
MD epoxy to 166 J/m2 and 0.76 MPa·m1/2 from 143 J/m2 and 0.74 MPa·m1/2, 
respectively. However, the silica nanoparticles did not enhance the toughness of the 
M52N modified MD epoxies. As shown in Figures 8.13 and 8.14, the values of the GIc 
and KIc for the hybrid M52N-silica nanoparticle modified MD epoxies remained 
unchanged compared with the MD epoxies modified with M52N alone. These results 
indicate that the hybrid toughening involving nanometre-sized soft block copolymer 
micelles and silica nanoparticles is comparable to hybrid toughening involving 
nanometre-sized core-shell rubber (CSR) particles and silica nanoparticles, since Liang 
[57] has reported that the addition of silica nanoparticles in 10 wt% nanometre-sized 
CSR particle modified epoxies did not change the values of KIc of his epoxies. 
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Table 8.9. Room temperature fracture properties of the unmodified and modified MCDEA cured epoxies. 
MCDEA cured DGEBA epoxy system 
Content of M52N (wt%) Content of silica (wt%) KIc (MPa·m1/2) GIc (J/m2) 
0 0 0.74 (±0.03) 143 (±9) 
0 3 0.76 (±0.04) 166 (±27) 
3 3 0.77 (±0.02) 170 (±5) 
5 3 0.84 (±0.02) 194 (±12) 
7 3 0.89 (±0.03) 213 (±19) 
10 3 0.95 (±0.02) 305 (±21) 
15 3 1.04 (±0.04) 371 (±24) 
 
 
Figure 8.13. Mode I fracture energy, GIc, versus the content of the M52N block copolymer for the hybrid 
M52N-silica nanoparticle modified and M52N modified MCDEA cured epoxies. 
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Figure 8.14. Mode I critical stress intensity factor, KIc, versus the content of the M52N block copolymer 
for the hybrid M52N-silica nanoparticle modified and M52N modified MCDEA cured epoxies. 
 
8.6.3 Summary 
The addition of silica nanoparticles to the M52N modified epoxies to form hybrid 
toughened epoxies further improved the toughness of the AD epoxies, but had no effect 
on the toughness of the MD epoxies. 
 
These results may be due to the different morphologies. The hybrid M52N-silica 
nanoparticle modified AD epoxies have dispersed micron-sized M52N particles and 
nanometre-sized silica particles, while the hybrid modified MD epoxies have dispersed 
nanometre-sized M52N micelles and nanometre-sized silica particles. Liang and 
Pearson [57, 127] have attempted to explain similar findings using the concept of inter-
particle distance. These researchers proposed that, for hybrid toughened epoxies, further 
fracture toughness enhancement may only obtained if the two or more types of the 
toughening agents can optimise the interaction between the particles and the epoxy 
matrix in a way that more matrix materials are included in the stress field of the 
particles. 
 
Liang and Pearson’s hypothesis appears to qualitatively explain the results of the 
current study. The inter-particle distance, τ, between particles (distance between the 
surface of neighbouring particles) can be estimated using Equation 3.12, assuming a 
cubic array of particles [127]. For example, when 7.5 vol% of the M52N particles with a 
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mean radius in 0.35 μm is used, the τ is estimated to be 1.3 μm. This indicates that there 
will be sufficient space between the M52N particles for the silica nanoparticles, 
therefore triggering more matrix shear yielding. However, when 10 vol% of M52N 
micelles with a mean radius in 12 nm is used, the τ is estimated to be 42 nm. The inter-
particle distance is reduced to a scale similar to the size of the silica nanoparticles, so it 
is apparent that there is not sufficient intact matrix material between the M52N micelles 
for the silica nanoparticles to trigger more matrix shear yielding. Liang and Pearson’s 
hypothesis hence qualitatively explains the additive toughening effect observed in the 
hybrid M52N-silica nanoparticle modified AD epoxies and the unchanged fracture 
toughness measured in the hybrid M52N-silica nanoparticle modified MD epoxies. 
 
Synergistic toughening effect was not found in the M52N and silica nanoparticle 
hybrid modified AD and MD epoxies. This may be due to the absence of shear band 
yielding in the M52N modified AD and MD epoxies, because synergistic toughening 
effect found in hybrid modified epoxies containing silica nanoparticles is also normally 
accompanied with micron-sized rubber particles that are able to initiate shear band 
yielding. Indeed, Hsieh et al. [56] have proposed that synergistic toughening effect 
found in their hybrid CTBN rubber particle and silica nanoparticle modified epoxies 
may be due to the presence of the silica nanoparticles interacted with the CTBN rubber 
particles to promote more extensive or intensive shear band yielding. The absence of 
shear band yielding in the M52N modified AD and MD epoxies has been shown in 
Chapters 5 and 6. Hence, only additive toughening effect was found in the M52N 
modified AD epoxies by the addition of the silica nanoparticles. No further toughening 
was obtained in the M52N MD epoxies by the addition of the silica nanoparticles, as 
there is no shear band yielding in the MD epoxies and also no sufficient epoxy between 
the M52N micelles for the silica nanoparticles to promote extra matrix plastic 
deformation as mentioned before. 
 
 Furthermore, the agglomeration of the silica nanoparticles to form large clumps 
had a detrimental effect on the toughness of the epoxies, while the formation of small 
silica nanoparticle clusters appeared to have no effect on the toughness of the epoxies. 
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8.7 Fractography and toughening mechanisms 
The toughening mechanisms of the unmodified and modified epoxies were investigated 
by examining the fracture surfaces from the tested SENB specimens. The fracture 
surfaces were examined using FEG-SEM with an emphasis in the area at the vicinity of 
the pre-crack (i.e. the plastic deformation zone). This section will first describe the 
fracture surfaces of the silica nanoparticle modified epoxies and the hybrid silica-M52N 
modified epoxies, and then the toughening mechanisms for these epoxies will be 
identified based on the results of the fracture surface investigation. 
 
8.7.1 Fractography of epoxies 
8.7.1.1 Anhydride cured epoxy system 
FEG-SEM micrographs of the fracture surface of the 5 wt% silica nanoparticle modified 
epoxy were shown in Figure 8.15. In the low magnification FEG-SEM micrograph 
shown in Figure 8.15a, it can be seen that the addition of the silica nanoparticles 
increased the roughness of the fracture surface relative to the unmodified AD epoxy (the 
fracture surface of the unmodified AD epoxies was shown in Figure 5.17.), although the 
fracture surface is still relatively smooth only with a few matrix tearing marks. In high 
magnification FEG-SEM micrograph shown in Figure 8.15b, embedded silica 
nanoparticles were observed finely dispersed on the fracture surface.  
 
  
             (a)              (b) 
Figure 8.15. FEG-SEM micrograph of the fracture surface of the anhydride cured epoxy modified with 5 
wt% silica nanoparticles, taken at the vicinity of the tip of the pre-crack. (a) low magnification; (b) high 
magnification. Some silica nanoparticles were highlighted by black arrows. 
 
Crack direction Crack direction 
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The fracture surfaces of the hybrid M52N-silica nanoparticle modified AD 
epoxies were generally rougher than the AD epoxies modified with M52N alone. For 
the hybrid modified AD epoxies containing 5 wt% silica nanoparticles and less than 7 
wt% M52N block copolymer, the fracture surfaces were covered with micron-sized 
cavities and many silica nanoparticles, see Figure 8.16. The size of the cavities is 
similar to those observed for the AD epoxies modified with M52N alone. This indicates 
that the cavitation and subsequent void growth of the phase separated M52N particles 
were not affected by the silica nanoparticles. The silica nanoparticles were found 
embedded in the epoxy matrix to give a nodular texture of the fracture surfaces, see 
Figure 8.16b.  
 
For the hybrid modified AD epoxy, a co-continuous morphology with both 
epoxy-rich domains and M52N-rich domains was obtained, see Figure 8.17. The 
interfacial adhesion between the two domains seems to be good, as shown in Figure 
8.18. The presence of the silica nanoparticles appeared to change the miscibility of the 
AD epoxy and the M52N, because, without the presence of the silica nanoparticles, the 
similar co-continuous microstructure was observed only upon the addition of 10 wt% of 
M52N, as detailed in Chapter 5. In the epoxy-rich domain, dispersed cavities of the 
M52N particles and large clumps of the agglomerated silica nanoparticles were 
observed, see Figure 8.19. Although the clumps of the agglomerated silica nanoparticles 
seem to remain well adhered with the epoxy matrix, the deformation of the epoxy 
around the clumps is limited. This suggests that the large clumps of the silica 
nanoparticles act as brittle defects or weak points in the materials. In the M52N-rich 
domain, large brittle epoxy particles and extensive deformation of the M52N matrix was 
observed, see Figure 8.20. However, no silica nanoparticles were observed in the 
M52N-rich domains. 
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(a) 
  
(b) 
Figure 8.16. FEG-SEM micrographs of the fracture surface of the anhydride cured epoxy modified with 3 
wt% M52N and 5 wt% silica nanoparticles, taken at the vicinity of the tip of the pre-crack. (a) low 
magnification; (b) high magnification. (Some M52N particle cavities were indicated by black arrows and 
some silica nanoparticles were highlighted by white arrows). 
 
Crack direction
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Figure 8.17. Low magnification FEG-SEM micrograph of the fracture surface of the anhydride cured 
epoxy modified with 7 wt% M52N and 5 wt% silica nanoparticles. Dark colour region: epoxy-rich 
domain, Light colour region: M52N-rich domain. 
 
 
Figure 8.18. FEG-SEM micrograph showing the interface of the epoxy-rich domain and the M52N-rich 
domain of the anhydride cured epoxy modified with 7 wt% M52N and 5 wt% silica nanoparticles. 
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Figure 8.19. FEG-SEM micrograph of the epoxy-rich domain of the fracture surface for the anhydride 
cured epoxy modified with 7 wt% M52N and 5 wt% silica nanoparticles. (Some M52N particle cavities 
were indicated by black arrows, and the clumps of the agglomerated silica nanoparticles are highlighted 
by white arrows). 
 
 
Figure 8.20. FEG-SEM micrograph of the M52N-rich domain of the fracture surface for the anhydride 
cured epoxy modified with 7 wt% M52N and 5 wt% silica nanoparticles. Some epoxy particles are 
indicated by black arrows. 
 
8.7.1.2 MCDEA cured epoxy system 
The fracture surfaces of the hybrid M52N-silica nanoparticle modified MD epoxies 
closely resembled those of the MD epoxies modified with M52N alone, see Figures 
8.21 and 6.20. No discernible differences were observed. Well-dispersed nanometre-
sized cavities were found on the fracture surfaces of all the hybrid modified MD 
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epoxies. A nodular texture was also observed on the fracture surfaces of the M52N 
modified MD epoxies, so it is difficult to distinguish whether the nodular texture on the 
fracture surfaces of the hybrid modified MD epoxies is caused by the embedded silica 
nanoparticles. As dispersed silica nanoparticles were observed in the epoxy matrix by 
AFM, and no debonding of the silica nanoparticles was observed, it is believed that the 
nodular texture of the hybrid modified MD epoxies was partially due to the embedded 
silica nanoparticles. This is also supported by the nodular texture of the fracture surface 
of the 5 wt% modified AD epoxy shown in Figure 8.15. 
 
 
Figure 8.21. FEG-SEM micrograph of the fracture surface of the MCDEA cured epoxy modified with 15 
wt% M52N and 3 wt% silica nanoparticles, taken at the vicinity of the tip of the pre-crack. Some M52N 
spherical micelles were indicated by white arrows. 
 
8.7.2 Toughening mechanisms 
Based on the results described above, knowledge of the toughening mechanisms for the 
silica nanoparticle modified and the hybrid M52N-silica nanoparticle modified epoxies 
has been gained. The possible toughening mechanisms can now be proposed.  
 
8.7.2.1 Toughening mechanisms of silica nanoparticle modified epoxies 
Based on the results obtained from examining the fracture surfaces of the silica 
nanoparticle modified epoxies, it may conclude that the toughening mechanism of the 
silica nanoparticle modified epoxies is the enhanced matrix plastic deformation caused 
by the local stress concentration induced by the silica nanoparticles. Crack pinning and 
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crack deflection were discounted, because the size of the silica nanoparticles is so much 
smaller than the size of the plastic deformation zone and the crack-opening 
displacement as suggested by Johnsen et al. [39]. Debonding of the silica nanoparticles 
was excluded as the toughening mechanism, because interfacial bonding between the 
silica nanoparticles and the epoxy matrix was found to be good in both epoxy systems 
and no debonded silica nanoparticles were observed. 
 
8.7.2.2 Toughening mechanisms of hybrid modified AD epoxies 
For the hybrid M52N-silica nanoparticle modified epoxies with a bi-modal particulate 
morphology, the toughening mechanisms were a combination of the cavitation of the 
phase separated M52N particles and subsequent void growth of the M52N particles, 
evidenced by the observation of the cavities on the fracture surfaces. There was also an 
increase in matrix ductility due to the silica nanoparticles supported by Guild and 
Young [192]’s finite element analysis. These researchers showed that the addition of 
rigid particles causes a stress concentration in the polymer matrix material around the 
rigid particles, and therefore enhances the ductility of the matrix material. The increase 
of the matrix ductility due to the silica nanoparticles was also evidenced by the 
toughness increase in the 5 wt% silica nanoparticle modified AD epoxy.   
 
The additive toughening effect found in the hybrid M52N-silica nanoparticle 
modified AD epoxies may be explained by adopting the Liang and Pearson [57, 127] 
hypothesis based on the inter-particle distance. They proposed that, for hybrid 
toughened epoxies, further fracture toughness enhancement may only obtained if the 
two or more types of the toughening agents can optimise the interaction between the 
particles and the epoxy matrix in a way that more epoxy matrix materials were included 
in the stress field of the particles. The inter-particle distance between the phase 
separated M52N particles is relatively large, for example when 7.5 vol% of M52N 
particles with a mean radius in 0.35 μm is used, the τ is estimated to be 1.3 μm. Hence, 
there is sufficient space between the M52N particles for the silica nanoparticles, and 
therefore they can trigger more matrix shear yielding. This would as a result enhance 
the fracture toughness of the epoxies. However, as mentioned before, synergistic 
toughening effect was not resulted, but only additive toughening effect was obtained. 
This is because the synergistic toughening effect normally comes with shear band 
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yielding as reported by Hsieh et al. [56], but the M52N particles did not initiate shear 
bands. Consequently, the silica nanoparticles cannot interact with the M52N particles to 
promote more extensive or intensive shear band yielding to give the synergistic 
toughening effect.  
 
For the hybrid modified epoxies with a co-continuous morphology, the 
toughness enhancement may be due to the crack bridging effect by the M52N-rich 
domains as well as the cavitation and void growth of the M52N particles in the epoxy-
rich domain.  It was stated previously in Chapter 5 that the co-continuous morphology 
comes from interconnected epoxy-rich and M52N-rich domain which form a hard and 
soft composite-like structure. The M52N-rich domain will be able to span the crack and 
provide a closure traction to the crack surfaces, as the MAM-rich domains reported in 
Chapter 5. However, the hybrid modified AD epoxy with 7 wt% M52N and 5 wt% 
silica nanoparticles has a lower fracture toughness than the 7 wt% M52N modified AD 
epoxy, which indicates that the presence of the large clumps of the agglomerated silica 
nanoparticles must be detrimental to the fracture toughness. The agglomerated silica 
nanoparticles appeared to suppress the plastic deformation of the epoxy matrix around 
them, and act like brittle defects. This conclusion is also supported by Mohammed 
[222], who also attributed the large clumps of the agglomerated silica nanoparticles in 
his hybrid CTBN-silica nanoparticle modified epoxies as brittle defects. 
 
8.7.2.3 Toughening mechanisms of hybrid modified MD epoxies 
The fracture surfaces and fracture toughness of the hybrid M52N-silica nanoparticle 
modified MD epoxies were almost the same as the MD epoxies modified with M52N 
alone. It can be concluded that the addition of the silica nanoparticles has little effect on 
the toughening mechanisms. The toughening mechanisms of the hybrid modified MD 
epoxies should be the same as those of the M52N modified MD epoxies, which are the 
cavitation of the M52N spherical micelles and the enhanced plastic deformation of the 
epoxy matrix due to the localised plasticisation effect of the epoxy/PMMA interface. 
This proposition was based on Liang and Pearson’s hypothesis [127], because the inter-
particle distance between the M52N spherical micelles is of a similar scale to the silica 
nanoparticles. Hence there is insufficient epoxy matrix material for the silica 
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nanoparticles to trigger more matrix shear yielding, and as a result the silica 
nanoparticles have little effect on the toughening mechanisms. 
 
8.8 Conclusions 
Hybrid toughening using a combination of M52N triblock copolymers and silica 
nanoparticles was investigated on two different epoxy systems. A bi-modal particulate 
morphology with dispersed micron-sized M52N spherical particles and silica 
nanoparticles was obtained in the hybrid modified AD epoxies. For the hybrid modified 
MD epoxies, morphology with dispersed nanometre-sized M52N spherical micelles and 
silica nanoparticles was obtained. Although agglomeration of the silica nanoparticles 
was observed when increasing the content of the M52N in the hybrid modified epoxies 
in both epoxy systems, it was only observed with the highest content of the M52N 
addition used. 
 
  The addition of the silica nanoparticles was found to have no effect on the Tg for 
both epoxy systems. The σts, εtf, σyc and εfc of the unmodified and M52N modified 
epoxies were also unchanged with the addition of the silica nanoparticles, except the σyc 
of the AD epoxies was slightly reduced by the addition of the silica nanoparticles. 
However, the E of the unmodified and M52N modified epoxies was found to increase 
with the silica nanoparticle content, as the modulus of the silica was significantly higher 
than that of the polymers.   
  
 For the AD epoxy system, the GIc and KIc of the unmodified and M52N 
modified epoxies were increased with the addition of the silica nanoparticles. An 
additive effect, where the sum of the toughening contribution from each of the 
toughening agents was equal to the toughness enhancement from the hybrid toughening 
was found. The maximum values of the GIc = 275 J/m2 and KIc = 0.98 MPa·m1/2 were 
measured with the addition of 3 wt% M52N and 5 wt% silica nanoparticle in the AD 
epoxy, which is approximately 170% and 70% higher than the corresponding values for 
the unmodified AD epoxy. For the MD epoxy system, the addition of the silica 
nanoparticles was found to not increase further the GIc and KIc of the M52N modified 
MD epoxies. More specifically, the GIc and KIc of the M52N modified MD epoxies were 
almost unchanged with the addition of 3 wt% silica nanoparticles. 
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 Understanding of the toughening mechanisms was gained through the 
examination of the fracture surfaces of the fractured SENB specimens. For the hybrid 
modified AD epoxies with the bi-modal particulate microstructure, the toughening 
mechanisms are a combination of the cavitation of the phase separated M52N particles 
and subsequent void growth plus the matrix ductility enhancement caused by the 
presence of the silica nanoparticles. For the hybrid modified MD epoxies with the bi-
modal particulate microstructure, no toughness increase was due to the presence of the 
silica nanoparticles. Hence, the toughening mechanisms of the hybrid modified MD 
epoxies are the same as the toughening mechanisms presented in the epoxies modified 
with M52N alone, which are the cavitation of the M52N spherical micelles and the 
enhanced plastic deformation of the epoxy due to the localised plasticisation effect of 
the epoxy/PMMA interface. 
 
The additive toughening effect found in the hybrid modified AD epoxies may be 
explained by using the inter-particle distance. Since the inter-particle distance between 
the micron-sized M52N particles was relatively large, so the silica nanoparticles could 
fill in the gaps and trigger more matrix shear yielding. As a result, the silica 
nanoparticles further increased the fracture toughness of the M52N modified AD 
epoxies. This theory also explains the unchanged fracture toughness found in the hybrid 
M52N-silica nanoparticle modified MD epoxies. As the inter-particle distance between 
the M52N spherical micelles is at a similar scale to the silica nanoparticles, so there is 
insufficient epoxy matrix material for the silica nanoparticles to trigger more matrix 
shear yielding, and consequently there is no toughness enhancement caused by the silica 
nanoparticles. 
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Chapter 9 
Analytical Modelling of Toughening 
Mechanisms 
 
9.1 Introduction 
It was reported in Chapters 4 and 5 that a morphology with dispersed micron-sized 
spherical particles has been observed for the EP 2240A core-shell rubber (EP-CSR) 
particle or the M52N/M52 block copolymer modified anhydride cured epoxies. The 
toughening mechanisms responsible for the toughness improvement in these materials 
were identified as similar to those of the traditional liquid rubber modified epoxies. For 
the EP-CSR particle modified epoxies, the major toughening mechanisms were (i) the 
formation of localised shear band yielding of the epoxy matrix initiated by the EP-CSR 
particles, and (ii) internal cavitation of the EP-CSR particles and subsequent void 
growth. For the phase separated micron-sized M52N/M52 particle modified epoxies, 
internal cavitation of the M52N/M52 particles and subsequent void growth were found 
to be the major toughening mechanisms. 
 
 The toughening effects due to the aforementioned mechanisms may be estimated 
using an analytical model developed by Hsieh et al. [56], based on the earlier Huang 
and Kinloch model [93, 97]. The applicability of this analytical model has been 
examined by several researchers [21, 57], and they showed that the analytical model can 
accurately predict the fracture energy of particle-modified epoxies with toughening 
mechanisms of shear band yielding and void growth. Besides, Huang and Kinloch also 
demonstrated that the analytical model can even reasonably predict the fracture energy 
of carboxyl-terminated butadiene-acrylonitrile (CTBN) modified epoxies under various 
test temperatures. Hence, the aim of the present chapter is to compare the fracture 
energy predicted using the analytical model with the experimental results from the EP-
CSR particle modified epoxies and the M52N/M52 particle modified epoxies. 
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9.2 Analytical model 
 Hsieh et al. [37, 56] proposed that the fracture energy, Gpc, of particle-modified 
epoxies can be expressed as 
ܩ௣௖ ൌ ܩ௖௨ ൅ Ψ        (9.1) 
where Gcu is the fracture energy of the unmodified epoxy and Ψ is the overall 
toughening contribution provided by the presence of the particulate phase. Apparently, 
Ψ contains the contributions from the different toughening mechanisms, which can be 
separated into the relative toughening contributions. For the EP-CSR particle modified 
epoxies, the overall toughening contributions, termed ΨEP, can be separated into two 
terms 
  Ψா௉ ൌ ∆ܩ௦ ൅ ∆ܩ௩       (9.2) 
where ΔGs and ΔGv represent the contributions to the overall increase in the Gpc of the 
particle-modified epoxies from the localised plastic shear band yielding and the plastic 
void growth mechanisms, respectively. For the M52N/M52 particle modified epoxies, 
due to the major toughening mechanism is the plastic void growth, the overall 
toughening contribution, termed ΨBCP, is equal to the toughening contribution from the 
plastic void growth mechanism as 
Ψ஻஼௉ ൌ ∆ܩ௩        (9.3) 
(It should be noted that the process of cavitation itself only absorb little energy, and so 
its contribution can be ignored [22, 91, 92, 227].) 
 
9.2.1 Estimation of plastic zone size 
Before considering the model of the toughening contributions from the two toughening 
mechanisms, it is necessary to first explain the evaluation of the size of the plastic 
deformation zone. This is because, for toughened brittle materials, most of the energy 
dissipation occurs in the plastic deformation zone around the crack tip [3, 77, 228-230], 
and the toughening effect of particle-modified epoxies was reported to be highly 
sensitive to the development of the deformation zone [50, 94]. 
 
 According to the concepts of linear elastic fracture mechanics (LEFM), the size 
of the plastic deformation zone may be estimated by assuming a circular profile. The 
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radius, rpz, of the plastic deformation zone hence can be calculated by the following 
equation for the plane-strain case [97, 216] 
ݎ௣௭௨ ൌ ቀ ଵ଺గቁ ൬
௄಺೎
ఙ೤೟൰
ଶ
       (9.4) 
Equation 9.4 was reported to be able to give a good prediction of the size of the plastic 
deformation zone for the unmodified epoxies [47, 77]. However, since cavitation of the 
rubbery particles occurs in the particle-modified epoxies, the degree of triaxiality of the 
stress around the crack tip is considerably lowered due to the formation of the voids [22, 
231]. This effectively lowers the stress necessary for yielding of the epoxy matrix, 
because the constraint of the epoxy is lowered. Hence, the size of the plastic 
deformation zone of the particle-modified epoxies is significantly larger than the plastic 
deformation zone of the unmodified epoxies, and Equation 9.4 needs to be modified to 
account for this effect. The increase in the size of the plastic deformation zone was 
proposed by Huang and Kinloch [97] that it can be described by an increase in the 
maximum stress concentration factor of the von Mises stress, Kvm, in the epoxy matrix 
by a factor of (1+μm/31/2). Hence, the radius, rpzm, of the plastic deformation zone for 
particle-modified epoxies may be estimated by 
ݎ௣௭௠ ൌ ܭ௩௠ଶ ቀ1 ൅ ఓ೘ଷభ/మቁ
ଶ ݎ௣௭௨      (9.5) 
where rpzu is the radius of the plastic deformation zone of the unmodified epoxies and μm 
is the coefficient of increase of shear yield stress with hydrostatic pressure, which has 
been reported to be between 0.175 and 0.225 for epoxies [8], and in this study was taken 
to be 0.2, which is the mean value between 0.175 and 0.225. 
 
 The value of Kvm is dependent on the volume fraction of particles, and was 
calculated by fitting to the data of Huang and Kinloch [93] who modelled rubbery 
particles with a Poisson’s ratio of 0.4999 in an epoxy matrix. The fitting equation for 
the value of Kvm from Huang and Kinloch’s finite element analysis was obtained as 
ܭ௩௠ ൌ 3.9337 ௙ܸ௣ ൅ 2.1126      (9.6) 
where Vfp is the volume fraction of particles. 
 
9.2.2 Modelling of the ∆Gs Contribution 
The toughening contribution from the localised shear band yielding mechanism, ΔGs, is 
related to the size of the plastic deformation zone and was proposed as [56] 
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∆ܩ௦ ൌ 2׬ ௦ܷሺݎሻ௥೛೥೘௥೛ ݀ݎ      (9.7) 
where rp is the radius of the particle and Us(r) is the dissipated strain-energy density for 
the localised shear band yielding mechanism. The value of the Us(r) was shown to be 
given by 
௦ܷሺݎሻ ൌ ௙ܸ௦௬ሺݎሻ ௗܹሺݎሻ      (9.8) 
where Vfsy(r) is the volume fraction of the shear yielded matrix material and Wd(r) is the 
shear plastic strain-energy density of the matrix material.  
 
Both Vfsy(r) and Wd(r) are assumed to be functions of the radial distance from the 
crack tip. The value of Vfsy(r) was shown in [56, 97] to be 
௙ܸ௦௬ሺݎሻ ൌ 0.5 ௙ܸ௣ ൝3 ൬ ସగଷ௏೑೛൰
భ
య ߙሺݎሻ ൅ 4ሾ1 െ ߙሺݎሻሿଷ/ଶ െ 4ൡ  (9.9) 
where Vfp is the volume fraction of particles and α(r) is a scaling factor. According to 
Kinloch [96], the α(r) may be represented by 
ߙሺݎሻ ൌ 1 െ ௥௥೛೥೘       (9.10) 
Equation 9.10 takes into account the strain field in the plastic deformation zone and 1 ≤ 
α ≤ 0. This implies that the plastic strains will be relatively high when close to the crack 
tip and α → 1, while the plastic strain approaches the elastic limit, α → 0, at the edge of 
the plastic deformation zone. This indicates that the degree of localised shear band 
yielding is more intense as the crack tip is approached. The value of Wd(r) may be 
obtained by 
ௗܹሺݎሻ ൌ 0.5ߪ௬௖௨ߛ௙௨ߙሺݎሻ      (9.11) 
 if the epoxy is assumed to be a perfectly elastic-plastic material. In Equation 9.11, σycu 
and γfu are the compressive true yield stress of the epoxy matrix and the compressive 
true fracture strain, respectively.  
 
 The Us(r) can then be calculated by substituting Equations 9.9 and 9.11 into 9.8 
as 
  ௦ܷሺݎሻ ൌ 0.25 ௙ܸ௣ߪ௬௖௨ߛ௙௨݂ሺݎሻ     (9.12) 
where 
݂ሺݎሻ ൌ ߙሺݎሻ ൝3 ൬ ସగଷ௏೑೛൰
భ
య ߙሺݎሻ ൅ 4ሾ1 െ ߙሺݎሻሿଷ/ଶ െ 4ൡ  (9.13) 
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The value of ΔGs can then be calculated by substituting Equations 9.12 and 9.13 into 
Equation 9.7 and integrating to obtain 
Δܩ௦ ൌ 2׬ ௦ܷሺݎሻ௥೛೥೘௥೛ ݀ݎ ൌ 0.5 ௙ܸ௣ߪ௬௖௨ߛ௙௨ܨ′ሺݎ௣௭௠ሻ   (9.14) 
where 
ܨᇱ൫ݎ௣௭௠൯ ൌ ݎ௣௭௠ ൥൬ ସగଷ௏೑೛൰
ଵ/ଷ
൬1 െ ௥೛௥೛೥೘൰
ଷ
െ ଼ହ ൬1 െ
௥೛
௥೛೥೘൰ ൬
௥೛
௥೛೥೘൰
ఱ
మ െ ଵ଺ଷହ ൬
௥೛
௥೛೥೘൰
ళ
మ െ
2 ൬1 െ ௥೛௥೛೥೘൰
ଶ
൅ ଵ଺ଷହ൩       (9.15) 
However, since Equation 9.14 gives a prediction of ΔGs as a negative value when the 
value of rp exceeds rpzu of the unmodified epoxy, Masania [47] proposed a simple 
modification of Equation 9.14 to prevent ΔGs becoming negative. Equation 9.14 is now 
modified to be 
Δܩ௦ ൌ 0.5 ௙ܸ௣ߪ௬௖௨ߛ௙௨ ቀி
ᇲ൫௥೛೥೘൯ାหிᇱሺ௥೛೥೘ሻห
ଶ ቁ    (9.16) 
 
9.2.3 Modelling of the ∆Gv Contribution 
The toughening contribution from the plastic void growth mechanism, ΔGv, is also 
related to the size of the plastic deformation zone and may be calculated using  
Δܩ௩ ൌ 2׬ ܷ௩ሺݎሻ݀ݎ௥೛೥೘଴       (9.17) 
where Uv(r) is the dissipated strain-energy density for the plastic void growth 
mechanism.  
 
By considering that a void grows from a volume of V0 to V1, the Uv(r) can be 
expressed as 
ܷ௩ሺݎሻ ൌ ׬ ݌௛௦௏భ௏బ ݀ߠ       (9.18) 
where phs is the local hydrostatic stress (or local mean stress) and dθ is the increase of 
volumetric strain of a void during the plastic void growth process. The phs may be 
expressed as [232] 
݌௛௦ ൌ ߪ௬௧௨ሺ0.5 ൅ ݎ/ܽሻ      (9.19) 
where r is the distance from the crack tip and a is the crack length. Assuming the epoxy 
complies with the conditions of LEFM, so 
ݎ ≪ ܽ         (9.20) 
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As a result, Equation 9.19 becomes 
݌௛௦ ൎ 0.5ߪ௬௧௨        (9.21) 
The dθ was proposed by Evans et al. [233] and is expressed as 
݀ߠ ൌ ௙ܸܸ݀/ܸ        (9.22) 
where Vf and V are the volume fraction and the average volume of the voids, 
respectively. In the case where a void grows from a volume of V0 to V1, the relationship 
shown below is valid if Vf  = Vfp at V = V0 and Vf = Vfv at V = V1, see Equation 9.23. 
௙ܸ ൌ ௙ܸ௣ ൅ ௏೑ೡି௏೑೛௏భି௏బ ሺܸ െ ଴ܸሻ      (9.23) 
Substituting Equations 9.21, 9.22 and 9.23 into Equation 9.18, the Uv(r) can then be 
expressed as 
ܷ௩ሺݎሻ ൌ 0.5ߪ௬௧௨ ቈ ௙ܸ௩ െ ௙ܸ௣ ൅ ቆ ௙ܸ௣ െ ௏೑ೡି௏೑೛ೇభ
ೇబିଵ
ቇ ൈ log ቀ௏భ௏బቁ቉  (9.24) 
By assuming that 
௏భ
௏బ ≡
௏೑ೡ
௏೑೛        (9.25) 
Equation 9.24 subsequently becomes 
ܷ௩ሺݎሻ ൌ 0.5ߪ௬௧௨൫ ௙ܸ௩ െ ௙ܸ௣൯      (9.26) 
 
 Now, the ΔGv can be calculated by substituting Equation 9.26 into Equation 9.17 
as 
∆ܩ௩ ൌ ߪ௬௧௨ݎ௣௭௠൫ ௙ܸ௩ െ ௙ܸ௣൯      (9.27) 
By substituting Equation 9.5 into Equation 9.27, the ΔGv can be rewritten as  
∆ܩ௩ ൌ ቀ1 ൅ ఓ೘ଷభ/మቁ
ଶ ൫ ௙ܸ௩ െ ௙ܸ௣൯ߪ௬௧௨ݎ௣௭௨ܭ௩௠ଶ     (9.28) 
Since a relationship between the values of compressive yield stress, σyc, and the tensile 
yield stress, σyt, was reported by Huang and Kinloch [97] as 
ߪ௬௖ ൌ ߪ௬௧ ൫ଷ
భ/మାఓ೘൯
൫ଷభ/మିఓ೘൯       (9.29) 
Equation 9.28 can be rewritten to include the σycu as 
∆ܩ௩ ൌ ቀ1 െ ఓ೘
మ
ଷ ቁ ൫ ௙ܸ௩ െ ௙ܸ௣൯ߪ௬௖௨ݎ௣௭௨ܭ௩௠ଶ     (9.30) 
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9.3 Application of the model for polysiloxane-based 
core-shell particle modified anhydride cured epoxies 
For the EP-CSR particle modified epoxies, the major toughening mechanisms were 
localised shear band yielding and plastic void growth, so the toughening contribution, 
ΨEP, can be evaluated by substituting Equations 9.16 and 9.30 into Equation 9.2 as 
 Ψா௉ ൌ 0.5 ௙ܸ௣ߪ௬௖௨ߛ௙௨ ቀி
ᇲ൫௥೛೥೘൯ାหிᇲ൫௥೛೥೘൯ห
ଶ ቁ ൅ ቀ1 െ
ఓ೘మ
ଷ ቁ ൫ ௙ܸ௩ െ ௙ܸ௣൯ߪ௬௖௨ݎ௬௨ܭ௩௠ଶ  
          (9.31) 
where F'(rpzm) and rpzu were defined in Equations 9.15 and 9.4, respectively. The 
fracture energy of the EP-CSR particle modified epoxies can then be predicted by 
substituting Equation 9.31 into Equation 9.1 as 
ܩ௣௖ ൌ ܩ௖௨ ൅ 0.5 ௙ܸ௣ߪ௬௖௨ߛ௙௨ ቀி
ᇲ൫௥೛೥೘൯ାหிᇲ൫௥೛೥೘൯ห
ଶ ቁ ൅ ቀ1 െ
ఓ೘మ
ଷ ቁ ൫ ௙ܸ௩ െ
௙ܸ௣൯ߪ௬௖௨ݎ௬௨ܭ௩௠ଶ        (9.32) 
where Gcu is the fracture energy of the unmodified epoxy. 
 
For this analytical model, stochastic variation in the material properties or 
particle size distribution is not considered. The material properties used for the 
modelling of the EP-CSR particle modified epoxies are tabulated in Tables 9.1 to 9.3. 
Examination of the fracture surfaces showed that 100% of the particles were cavitated, 
and hence all the EP-CSR particles were assumed to initiate shear bands and to undergo 
cavitation and the subsequent plastic void growth.  
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Table 9.1. Parameters and values for the modelling studies to predict the fracture energy. 
Name Variable Value Source 
Radius of the core-shell particles rp (μm) 0.09 Chapter 4 
Volume fraction of particles Vfp Table 8.2 Present chapter 
Volume fraction of voids Vfv Table 8.3 Present chapter 
Poisson’s ratio of the unmodified epoxy ν  0.35 [27] 
Plane-strain compressive yield true stress σyc (MPa) Table 4.4 Chapter 4 
Plane-strain compressive fracture true strain γf Table 4.4 Chapter 4 
Uniaxial tensile yield true stress σyt (MPa) Table 4.4 Chapter 4 
Pressure-dependent yield stress parameter μm  0.2 [8] 
Fracture energy Gcu (J/m2) Tables 4.5 & 4.6 Chapter 4 
Critical stress intensity factor Kcu (MPa·m1/2) Tables 4.5 & 4.6 Chapter 4 
von Mises stress concentration factor  Kvm Kvm=3.9337Vfr + 2.1126 [97] 
 
Table 9.2. Volume fraction of the EP-CSR particles for the modified anhydride cured epoxies. 
Content of EP-CSR particles (wt%) Volume fraction (%) 
0 N/A 
2 3.1 (±0.7) 
6 8.4 (±0.4) 
10 11.6 (±0.7) 
20 22.0 (±0.3) 
 
Table 9.3. Volume fraction of voids for fractured EP-CSR particle modified anhydride cured epoxies. 
Content of EP-CSR particles (wt%) Volume fraction of voids (%) 
-109 °C -80 °C -55 °C 20 °C 
0 N/A N/A N/A N/A 
2 5.9 (±1.3) N/D 5.8 (±1.4) 5.3 (±0.7) 
6 10.5 (±1.2) N/D 10.6 (±1.1) 14.1 (±2.9) 
10 13.2 (±3.7) N/D 13.1 (±0.7) 18.4 (±0.3) 
20 20.7 (±1.5)* N/D 20.4 (±1.5)* 27.4 (±1.1) 
* The volume fraction of voids for the 20 wt% EP-CSR particle modified epoxy tested at low 
temperatures was close to the volume fracture of the EP-CSR particles, so the plastic void growth process 
was not considered to give any contribution for the fracture energy increase in the 20 wt% EP-CSR 
particle modified epoxy under cryogenic temperature. 
 
By using Equation 9.32, the GIc of the EP-CSR particle modified epoxies may be 
predicted over the range of temperatures concerned. The predicted values of the GIc of 
the EP-CSR particle modified epoxies are compared with the experimental results in 
Figures 9.1-9.4. Each of these Figures show the modelling and experimental results of 
the GIc for the EP-CSR particle modified epoxies at different test temperatures. 
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Figure 9.1. Fracture energy, GIc, versus volume fraction of the EP-CSR particle at room temperature. 
Points are experimental data, line is the theoretical prediction. 
 
 
Figure 9.2. Fracture energy, GIc, versus volume fraction of the EP-CSR particle at -55 °C. Points are 
experimental data, line is the theoretical prediction. 
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Figure 9.3. Fracture energy, GIc, versus volume fraction of the EP-CSR particle at -80 °C. Points are 
experimental data, line is the theoretical prediction. 
 
 
Figure 9.4. Fracture energy, GIc, versus volume fraction of the EP-CSR particle at -109 °C. Points are 
experimental data, line is the theoretical prediction. 
 
 For test temperatures between 20 °C to -80 °C, the agreement between the 
modelling and the experimental results of the GIc is fairly good, see Figures 9.1 to 9.3, 
although the model tends to over-predict the GIc compared to the experimental results 
for the modified epoxies containing less than or equal to 10 wt% of EP-CSR particles. 
The reason for the slight over-prediction of the GIc for the modified epoxies containing 
less than or equal to 10 wt% EP-CSR particles may be due to the over-estimation of the 
interaction between the EP-CSR particles. Since, in the model, the localised shear band 
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yielding mechanism is modelled to depend only on the radial distance from the crack tip, 
this overlooks the fact that the deformation of epoxies is also reported to depend on the 
interaction of the stress field between the particles, i.e. the inter-particle distance 
between the particles. Sjoerdsma [234] claimed that a tough-brittle transition in rubber 
modified epoxies may be obtained if an overlap of the stress field between neighbouring 
particles occurs. Van der Sanden et al. [235, 236] claimed that the critical inter-particle 
distance for the tough-brittle transition in core-shell rubber (CSR) particle modified 
epoxies is approximately between 0.2-0.3 μm. This correlates well with the inter-
particle distance estimated for the EP-CSR particle modified epoxies in the present 
study, see Table 9.4 (Table 4.1 reproduced here for ease of reference). The epoxy 
containing 20 wt% EP-CSR particles has an inter-particle distance of 0.24 μm, which is 
in the tough material region, so the modelling result is in good agreement with the 
experimental result. In contrast, the epoxies containing less than or equal to 10 wt% EP-
CSR particles have inter-particle distances larger than 0.3 μm, so the model slightly 
over-predicts the value of the GIc for these materials compared to the experimental 
results. 
 
Table 9.4. Volume fraction and inter-particle surface-to-surface distance of the EP-CSR particles for 
modified anhydride cured epoxies. 
wt% of EP-CSR Particles Mean volume fraction (%) DIP (μm) 
0 0.00 (±0.0) N/A 
2 3.10 (±0.7) 0.46 
6 8.40 (±0.4) 0.33 
10 11.6 (±0.7) 0.30 
20 22.0 (±0.3) 0.24 
 
 For the test temperature of -109 °C, the agreement between the modelling and 
the experimental results of the GIc is only good for the epoxies containing less than or 
equal to 6 wt% of EP-CSR particles, see Figure 9.4. For the epoxies containing more 
than 6 wt% of EP-CSR particles, the modelling results are lower than the experimental 
results. The discrepancy may be due to the sudden significant increase of the yield stress 
measured in the plane strain compression (PSC) tests at -109 °C, which may be due to 
the passing of the β transition of the epoxy. Although the β relaxation of the epoxy was 
measured at -56 °C by the DMTA, the β relaxation of epoxy is rate dependent, and very 
different loading rates were used in the DMTA and the PSC tests (The DMTA loaded 
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the sample with a constant amplitude of about 7.5 μm at a frequency of 1 Hz, but the 
PSC tests were conducted with a constant displacement rate of 0.1 mm/min). It is 
speculated that the sudden increase of the yield stress may only occurred under the 
compressive state at -109 °C, but was not occurred in the tensile state. This speculation 
is based on that a higher hydrostatic stress is resulted in compression tests compared to 
tensile tests, and especially for the PSC tests there is an extra pressure effect resulting 
from the dimensional constraint [76, 97, 176]. However, this speculation is not verified, 
although a good correlation between the modelling results and the experimental results 
was indeed obtained if a value of the compressive yield stress, σyc, of the unmodified 
epoxy at -109 °C was extrapolated from the σyc value of the unmodified epoxy at 
between -80 °C to 20 °C  
 
 The good agreement between the modelling results and the experimental results 
over the range of test temperature concerned indicates that the localised shear band 
yielding initiated by the EP-CSR particles and the plastic void growth due to the 
cavitation of the EP-CSR particles are indeed the principal toughening mechanisms of 
the EP-CSR particle modified epoxies. The individual contribution of the two 
toughening mechanisms to the total may be estimated using the analytical model, see 
Table 9.5. Localised shear band yielding was found to be the main toughening 
mechanism throughout the temperature range in the present study. Indeed, over 60 % of 
the toughness increase for the EP-CSR modified epoxies was from the localised shear 
banding mechanism. Plastic void growth only contributed approximately 35 % of the 
toughening effect at room temperature, and its contribution to the toughness increase 
decreased rapidly at low test temperature, especially for the epoxies containing a 
relatively high concentration of the EP-CSR particles. The decrease of the toughening 
contribution from the plastic void growth mechanism was previously reported by Huang 
and Kinloch [97]. It is due to the increase of the yield stress of the epoxy at low 
temperature which greatly reduces the plastic deformability of the epoxy matrix and the 
ability for the voids to grow. The reduction of the contribution of the plastic void 
growth mechanism to the total with the increasing concentration of the EP-CSR 
particles is due to the significant increase of the localised shear band yielding 
mechanism due to the overlap of the stress field between the neighbouring particles, i.e. 
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the ΔGs increases quicker than the ΔGv with the increasing concentration of the EP-CSR 
particles.   
 
Table 9.5. Comparison of the experimental and predicted values of the fracture properties at different 
temperatures for EP-CSR particle modified anhydride cured epoxies. 
  Fracture energy, GIc (J/m2)    
Temperature 
(°C) 
EP-CSR content 
(wt%) 
Calculation 
(ν=0.4999) 
Experimental ΨEP 
(J/m2) 
ΔGs/ΨEP 
(%) 
ΔGv/ΨEP 
(%) 
20 °C 0 117 117 (± 38) 0 0.00 0.00 
2 297 154 (± 22) 180 0.66 0.35 
6 469 324 (± 24) 352 0.65 0.35 
10 568 506 (± 37) 451 0.64 0.36 
20 762 947 (± 96) 645 0.73 0.27 
-55 °C 0 140 140 (± 22) 0 0.00 0.00 
2 275 187 (± 8) 135 0.74 0.26 
6 366 251 (± 12) 226 0.85 0.15 
10 406 298 (± 7) 266 0.91 0.09 
20 534 522 (± 53) 394 1.00 0.00 
-80 °C 0 141 141 (± 45) 0 0.00 0.00 
2 263 189 (± 36) 122 0.73 0.27 
6 344 225 (± 16) 203 0.85 0.15 
10 382 255 (± 31) 241 0.90 0.10 
20 496 425 (± 53) 355 1.00 0.00 
-109 °C 0 174 174 (± 37) 0 0.00 0.00 
2 231 241 (± 11) 57 0.66 0.34 
6 265 281 (± 24) 91 0.81 0.19 
10 281 336 (± 20) 107 0.86 0.14 
20 324 481 (± 36) 150 1.00 0.00 
 
9.4 Application of the model for M52N/M52 modified 
anhydride cured epoxies 
For the M52N/M52 modified anhydride cured epoxies, plastic void growth was 
identified as the principal toughening mechanism, so predictions of the increase of the 
fracture energy due to the presence of the M52N/M52 particles can be obtained by 
substituting Equation 9.30 into Equation 9.3 to give 
Ψ஻஼௉ ൌ ቀ1 െ ఓ೘
మ
ଷ ቁ ൫ ௙ܸ௩ െ ௙ܸ௣൯ߪ௬௖௨ݎ௣௭௨ܭ௩௠ଶ     (9.33) 
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where rpzu was defined in Equation 9.4. The fracture energy of the M52N/M52 particle 
modified epoxies can then be predicted by substituting Equation 9.33 into Equation 9.1 
as  
G௣௖ ൌ ܩ௖௨ ൅ ቀ1 െ ఓ೘
మ
ଷ ቁ ൫ ௙ܸ௩ െ ௙ܸ௣൯ߪ௬௖௨ݎ௣௭௨ܭ௩௠ଶ    (9.34) 
where Gcu is the fracture energy of the unmodified epoxy. 
 
It is worth mentioning again that, in this analytical model, stochastic variation in 
the material properties or particle size distribution is not considered. The material 
properties needed for modelling the fracture energy of the M52N/M52 particle modified 
epoxies are tabulated in Tables 9.6 to 9.8. Examination of the fracture surfaces of the 
tested SENB specimens showed that 100% of the M52N/M52 particles were cavitated, 
and hence all the M52N/M52 particles were assumed to undergo cavitation and the 
following plastic void growth.  
 
Table 9.6. Parameters and values for the modelling studies to predict the fracture energy of the 
M52N/M52 modified anhydride cured epoxies. 
Name Variable Value Source 
Radius of the core-shell particles rp (nm) Table 9.7 Present chapter 
Volume fraction of particles Vfp Table 9.7 Present chapter 
Volume fraction of voids Vfv Table 9.8 Present chapter 
Poisson’s ratio of the unmodified epoxy ν  0.35 [27] 
Plane-strain compressive yield true stress σyc (MPa) Table 5.3 Chapter 5 
Plane-strain compressive fracture true strain γf Table 5.3 Chapter 5 
Uniaxial tensile yield true stress σyt (MPa) 88 MPa [37] 
Pressure-dependent yield stress parameter μm  0.2 [8] 
Fracture energy Gcu (J/m2) Table 5.3 Chapter 5 
Critical stress intensity factor Kcu (MPa·m1/2) Table 5.3 Chapter 5 
von Mises stress concentration factor  Kvm Kvm=3.9337Vfr + 2.1126 [97] 
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Table 9.7.* Volume fraction and mean radius of the MAM particles in the M52N or M52 modified 
anhydride cured epoxies (containing ൑ 7 wt% MAM modifiers). 
Content of MAM Radius (μm) Volume fraction (%) 
2 wt% M52 0.16 (±0.09) 3.50 (±1.4) 
3 wt% M52 0.25 (±0.10) 4.40 (±0.4) 
5 wt% M52 0.29 (±0.14) 6.40 (±1.5) 
7 wt% M52 0.41 (±0.23) 11.5 (±2.5) 
   
2 wt% M52N n/d n/d 
3 wt% M52N 0.25 (±0.09) 3.10 (±0.0) 
5 wt% M52N 0.33 (±0.12) 7.50 (±0.0) 
7 wt% M52N 0.38 (±0.18) 8.40 (±1.6) 
*Table 5.1 reproduced here for ease of reference 
 
Table 9.8.* Volume fraction and mean radius of the cavities on the fracture surface of epoxies containing 
up to 7 wt% of M52N or M52 modifiers.  
Content of MAM Cavity radius (μm) Cavity volume fraction (%) 
2 wt% M52 0.35 (±0.11) 10.4 (±1.6) 
3 wt% M52 0.39 (±0.13) 14.1 (±1.8) 
5 wt% M52 0.48 (±0.17) 19.5 (±1.4) 
7 wt% M52 0.56 (±0.25) 19.4 (±2.3) 
   
2 wt% M52N N/A N/A 
3 wt% M52N 0.35 (±0.15) 8.80 (±0.7) 
5 wt% M52N 0.48 (±0.19) 18.7 (±2.4) 
7 wt% M52N 0.64 (±0.29) 25.2 (±1.7) 
*Table 5.4 reproduced here for ease of reference 
 
By using the material properties given in Tables 9.6 to 9.8, the fracture energy of 
the M52N or M52 particle modified epoxies may be predicted using Equation 9.34. The 
modelling results are compared with the experimental results in Figures 9.5 and 9.6 
(Numeric results are also included in Table 9.9 for ease of comparison). The irregular 
shape of the curves of the modelling results is due to the use of the volume fraction of 
voids measured from the FEG-SEM micrographs of the M52N/M52 particle modified 
epoxies. A good general agreement between the modelling and the experimental results 
was found. This indicates that the plastic void growth process is indeed the major 
toughening mechanism of the M52N/M52 particle modified epoxies. The slight 
discrepancy between the modelling results and the experimental results may be due to 
the error from the estimation of the volume fraction of the M52N/M52 particles or 
voids. Since only two to three AFM or FEG-SEM micrographs were analysed for each 
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formulation to obtain the volume fraction of the M52N/M52 particles or voids, the 
accuracy of the estimation was relatively poor. This is especially the case for the 
M52N/M52 particle modified epoxies, as the particles are relatively large compared to 
the area that the AFM or FEG-SEM micrographs included. The accuracy of a volume 
fraction measurement using areal image analysis was investigated by Shi and Winslow 
[237]. These researchers reported that, in order to obtain an accuracy of ±0.05 for the 
estimation of the volume fraction of particles, five images will need to be analysed, 
providing that the mean area fraction of the particles in each image is 0.1 and the 
number of the particles in each of the image is 10. This confirms that the accuracy of the 
estimation for the volume fraction of the M52N/M52 particles or voids in the present 
study is relatively poor.   
 
 
Figure 9.5. Fracture energy, GIc, versus volume fraction of the M52N particle at room temperature. Points 
are experimental data, line is the theoretical prediction. 
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Figure 9.6. Fracture energy, GIc, versus volume fraction of the M52 particle at room temperature. Points 
are experimental data, line is the theoretical prediction. 
 
Table 9.9. Comparison of the experimental and predicted values of the fracture properties for M52N/M52 
particle modified anhydride cured epoxies. 
  Fracture energy, GIc (J/m2)  
M52N wt% Calculated Experimental ΨBCP 
0 102 102 0 
2 N/D 165 N/D 
3 178 233 76 
5 268 218 166 
7 391 303 289 
M52 wt% Calculated Experimental ΨBCP 
0 102 102 0 
2 202 136 100 
3 233 179 131 
5 308 234 206 
7 256 278 154 
 
9.5 Discussion 
Based on the modelling results of the EP-CSR particle modified epoxies and the 
M52N/M52 particle modified epoxies, it was learned that it is important to have shear 
band yielding and cavitation of particles in the micron-sized soft particle modified 
epoxies in order to obtain a high toughness. It is especially important to ensure shear 
band yielding is occurred in the modified epoxies, because the shear band yielding was 
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found to account for more than 60% of toughness increase in the EP-CSR particle 
modified epoxies. This is also supported by Bagheri et al. [2], who reported that shear 
deformation of the matrix is the principal source of toughening in soft particle modified 
epoxies. The lack of shear band yielding in the M52N/M52 particle modified epoxies is 
the reason why the M52N/M52 particle modified AD epoxies have a lower toughness 
compared to the EP-CSR particle modified AD epoxies.      
 
Furthermore, it was also found that, in micron-sized soft particle modified 
epoxies, the epoxy matrix need to have a combination of low yield stress and high 
fracture strain to optimise the toughening effect of shear band yielding and plastic void 
growth. This is evidenced in the estimation of the size of plastic deformation zone and 
the estimation of the contribution of shear band yielding. Equation 9.4 shows that the 
size of plastic deformation zone of epoxy is dependent on the σy and KIc of the epoxy. 
This suggests that the size of plastic deformation zone is mainly dependent on the yield 
stress of epoxy, because the KIc of unmodified epoxy is approximately constant when 
the σy is relatively high, see Figure 9.7. Since the yield stress is an inverse function of 
the radius of the plastic deformation zone according to Equation 9.4, i.e. the lower the 
yield stress the larger the plastic deformation zone, a low yield stress of the epoxy 
matrix should give a higher toughness of soft particle modified epoxy.  Equation 9.16 
shows that the contribution of shear band yielding is a direct function of the fracture 
strain of epoxy. Hence, using an epoxy with a high fracture strain to form soft particle 
modified epoxies should increase the toughening effect of shear band yielding if the 
toughening mechanism occurs. In addition, to use an epoxy with a high fracture strain as 
the matrix should also enhance the plastic void growth process in soft particle modified 
epoxies, because an epoxy matrix with a high fracture strain should have a higher 
ductility and expands a bit more when under plastic void growth. 
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Figure 9.7. Plot of KIc against σy for epoxies cured with different amount (part per hundred resin (phr)) of 
triethylenetetramine (TETA) tested at a variety of rates and temperatures [238]. 
 
9.6 Conclusions 
An analytical model proposed by Hsieh et al. [37, 56] based on the earlier Huang and 
Kinloch model [97] was introduced. This model was used to predict the fracture energy 
of the EP-CSR modified epoxies and the M52N/M52 modified epoxies based on the 
toughening mechanisms identified in previous chapters. Good general agreement 
between the modelling results and the experimental results were found. This verified 
that, for the EP-CSR particle modified anhydride cured epoxies, the major toughening 
mechanisms are the (i) localised shear band yielding of the epoxy matrix initiated by the 
EP-CSR particles, and the (ii) internal cavitation of the EP-CSR particles and the 
subsequent plastic void growth. For the M52N/M52 modified anhydride cured epoxies, 
the major toughening mechanism is the cavitation of the M52N/M52 particles and the 
following plastic void growth. 
 
 Furthermore, for the EP-CSR particle modified epoxies, the localised shear band 
yielding is verified as the most important toughening mechanism at room and low 
temperature. The contribution of shear band yielding to the overall increase in the 
fracture energy is more than 60% at room temperature and increases as the test 
temperature decreases.   
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 The results of the modelling studies also suggest that in micron-sized soft 
particle modified epoxies, an epoxy matrix with a combination of low yield stress and 
high fracture strain will be needed to optimise the toughening effect of shear band 
yielding and plastic void growth. 
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Chapter 10 
Concluding Remarks and Future Work 
10.1 Conclusions 
Three areas regarding the toughening of epoxies, which are pre-formed polysiloxane 
(silicone) based core-shell rubber (EP-CSR) particle toughening, block copolymer 
toughening and block copolymer-silica nanoparticle hybrid toughening, were 
investigated with an emphasis on the fracture properties and the toughening 
mechanisms. The current chapter is organised by the corresponding toughening agents, 
and the contribution of the current study to the field of research will be indicated. For 
ease of reading, a table summarising the morphologies and toughening mechanisms for 
each of the systems studied was given in Table 10.1. 
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Table 10.1. Summary of the morphologies and toughening mechanisms for each of the epoxy systems and 
formulations produced in the present study. (Chapter → Ch.) 
 
 
 
 
Epoxy system Toughening agent Morphology Toughening mechanism 
Anhydride cured 
DGEBA 
core-shell rubber 
particle (Ch. 4) 
Dispersed micron-sized rubber 
particles 
 Shear band yielding initiated by the rubber particles 
 Internal cavitation of the rubber particles and subesequent plastic 
void growth 
M22N block 
copolymer (Ch. 5) 
Dispersed wormlike micelles  Shear band yielding initiated by the wormlike micelles 
 Increased matrix ductility caused by the block copolymer/epoxy 
interface (or mixing region) 
M52N/M52 block 
copolymer (Ch. 5) 
Dispersed micron-sized block 
copolymer particle 
 Internal cavitation of the block copolymer particles and 
subsequent plastic void growth 
Co-continuous microstructure  Crack bridging by the block copolymer rich domains 
 Internal cavitation of the micron-sized block copolymer particles 
in the epoxy-rich domains 
Complete phase-inverted 
microstructure 
 Little understanding of the toughening mechanisms for the 
complete phase inverted materials 
M52N and silica 
nanoparticle hybrid 
(Ch. 8) 
Dispersed micron-sized M52N 
particles and dispersed silica 
nanoparticles 
 Internal cavitation of the M52N particles and subsequent plastic 
void growth 
 Enhanced matrix ductility by the presence of the silica 
nanoparticles 
Co-continuous microstructure  Crack bridging by the M52N-rich domains 
 Internal cavitation of the micron-sized M52N particles in the 
epoxy-rich domains 
 large irregular shaped clumps of brittle silica nanoparticles 
MCDEA cured 
DGEBA 
M22N block 
copolymer (Ch. 6) 
Dispersed spherical micelles  Internal cavitation of spherical micelles and the release of 
contraint caused by the cavitation 
 Enhanced matrix ductility by the block copolymer/epoxy 
interface (or mixing region) 
Dispersed wormlike micelles  Localised plastic yielding triggered by the release of constriant 
by the wormlike micelles 
 Enhanced matrix ductility by the block copolymer/epoxy 
interface (or mixing region) 
M52N block 
copolymer (Ch. 6) 
Dispersed spherical micelles  Internal cavitation of spherical micelles and the release of 
contraint caused by the cavitation 
 Enhanced matrix ductility by the block copolymer/epoxy 
interface (or mixing region) 
Dispersed wormlike micelles  Localised plastic yielding triggered by the release of constriant 
by the wormlike micelles 
 Enhanced matrix ductility by the block copolymer/epoxy 
interface (or mixing region) 
M52N and silica 
nanoparticle hybrid 
(Ch. 8) 
Dispersed spherical micelles 
and dispersed silica 
nanoparticles 
 Internal cavitation of spherical micelles and the release of 
contraint caused by the cavitation 
 Enhanced matrix ductility by the block copolymer/epoxy 
interface (or mixing region) 
 No effect was found for the presence of silica nanoparticles to the 
toughening mechanisms 
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10.1.1 Pre-formed polysiloxane core-shell rubber 
Investigation of the application of pre-formed polysiloxane (silicone) based core-shell 
rubber (EP-CSR) particles as a toughening agent to improve the fracture toughness of 
an anhydride cured diglycidyl ether of bisphenol-A (DGEBA) epoxy at room and low 
temperatures was presented. The morphology, mechanical properties and toughening 
mechanisms of the EP-CSR particle modified epoxies were studied. 
 
 The unmodified epoxy was a single phase, homogeneous material. The addition 
of the EP-CSR particles introduced a second phase of dispersed particles with a core-
shell structure in the epoxy matrix. The soft silicone core of the EP-CSR particles was 
measured to have a mean diameter of 0.18 μm and a glass transition temperature, Tg, of 
-118 °C. 
 
The addition of the EP-CSR particles did not change the Tg of the epoxy, but it 
reduced the elastic modulus and the yield stress. The fracture energy of the EP-CSR 
particle modified epoxies was measured at a range of temperatures from -109 °C to 
20 °C. At 20 °C, a fracture energy, GIc, of 117 J/m2 was measured for the unmodified 
epoxy. The addition of the EP-CSR particles increased the fracture energy of the epoxy 
linearly with the increasing content of the EP-CSR particles, and a maximum value of 
947 J/m2 was measured upon the addition of 20 wt% EP-CSR particles at 20 °C. At 
cryogenic temperature, the EP-CSR particles were able to still significantly toughen the 
epoxy. A GIc value of 481 J/m2 was measured for the epoxy containing 20 wt% EP-CSR 
particles at -109 °C.  
 
 The toughening mechanisms of the EP-CSR modified epoxies were identified, 
as localised shear band yielding of the epoxy matrix initiated by the EP-CSR particles, 
plus internal cavitation of the EP-CSR particles and the following plastic void growth. 
The effect of the test temperature on the toughening mechanisms was also discussed. It 
was found that the low temperature reduced the deformability of the epoxy and 
increased the yield stress of the epoxy. 
 
An analytical model was used to predict the fracture energy of the EP-CSR 
particle modified epoxies over the test temperatures concerned based on the 
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aforementioned toughening mechanisms. The agreement between the modelling and the 
experimental results was found to be fairly good, providing that the stochastic variation 
in the material properties and the size of the particles and the voids was not considered. 
The agreement between the modelling and experimental results confirms that (i) the 
localised shear band yielding of the epoxy matrix initiated by the EP-CSR particles, and 
(ii) the internal cavitation of the EP-CSR particles and the subsequent plastic void 
growth were the principal toughening mechanisms. The results from the modelling 
indicate that the localised shear band yielding mechanism contributes most of the 
increase of the fracture energy at room and low temperatures, which is more than 60%. 
 
Furthermore, the current work is the first to systematically investigate the 
effectiveness and toughening mechanisms of rubber-toughening at cryogenic 
temperature for an epoxy system. The results indicate that significant fracture toughness 
improvement can be obtained even at cryogenic temperature when a low Tg rubber 
toughening agent is employed. This finding is promising, as it suggests that employing a 
low Tg rubber-toughening agent may widen the working temperature of the toughened 
epoxy especially in low temperature environments. 
 
10.1.2 Block copolymer 
10.1.2.1 Anhydride cured epoxy system 
Toughening of an accelerated methylhexahydrophthalic acid anhydride cured DGEBA 
epoxy using three commercial poly(methyl methacrylate)-b-poly(butylacrylate)-b-
poly(methyl methacrylate) (MAM) triblock copolymers was discussed. The 
morphologies, material properties, morphology/property relationship and toughening 
mechanisms of the MAM modified bulk epoxies were studied. The flexural properties, 
fracture properties and toughening mechanisms of carbon fibre reinforced polymer 
(CFRP) composites using the MAM modified epoxies as the matrix were investigated. 
 
The morphologies were characterised using atomic force microscopy (AFM). 
For the M22N modified epoxies, a nanostructure of well dispersed worm-like micelles 
(or a three-dimensional bicontinuous gyroid nanostructure) was observed. For the 
M52N/M52 modified epoxies, the addition of ≤ 7 wt% of M52N or M52 formed 
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dispersed micron-sized spherical particles in the epoxy matrix, but phase inversion 
occurred with > 7 wt% of these block copolymers. 
 
The Tg of the unmodified epoxy was 161 °C. The addition of the MAM block 
copolymers reduced the Tg slightly to 158 ± 1 °C. The extent of the reduction was 
approximately constant irrespective to the types or amount of the MAM block 
copolymers.   
 
The elastic modulus, E, of the unmodified epoxy was 2.9 GPa, and the 
compressive true yield stress, σyc, was 107 MPa. They decreased slightly when the 
MAM was added, due to the relative softness of the block copolymers. The epoxies 
containing M22N tend to have higher values of these mechanical properties, which is 
ascribed to the formation of nanostructure in the M22N modified epoxies.  
 
 The fracture toughness of the anhydride cured epoxies was increased by the 
addition of the block copolymers. For the M22N modified epoxies, the maximum 
values of KIc = 1.22 MPa·m1/2 and GIc = 450 J/m2 were measured for the 12 wt% M22N 
modified epoxy, which are 100% and 350% higher, respectively, than the unmodified 
epoxy. For the M52N/M52 modified epoxies with micron-sized particulates, the 
maximum values of KIc = 0.93 MPa·m1/2 and GIc = 303 J/m2 were measured for the 7 wt% 
M52N modified epoxy, which are 55% and 197% higher, respectively, than the 
unmodified epoxy. For the M52N/M52 modified epoxies with co-continuous 
morphology, the maximum values of KIc = 2.16 MPa·m1/2 and GIc = 1796 J/m2 were 
measured for the 10 wt% M52 modified epoxy, which are 260% and 1660% higher, 
respectively, than the unmodified epoxy. 
 
The principal toughening mechanisms of the M22N modified epoxies were 
identified to be the shear band yielding initiated by the worm-like micelles and the 
increased matrix ductility caused by the plasticising effect due to the M22N and epoxy 
interface. For the M52N/M52 modified epoxies with micron-sized particles, the major 
toughening mechanism was cavitation of the M52N/M52 particles and subsequent 
plastic void growth. For the M52N/M52 modified epoxies with a co-continuous 
morphology, the principal toughening mechanism was the bridging of the extensive 
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interconnected MAM domains. For the M52N/M52 modified epoxies with complete 
phase inversion, there is little understanding about the toughening mechanisms and the 
low fracture toughness. 
 
Quasi-isotropic carbon fibre reinforced polymer (CFRP) composites were 
manufactured using resin infusion under flexible tooling. The fibre volume was between 
55-58%. The use of MAM block copolymers improves the initiation interlaminar 
fracture energy, GcIc-int, of the composites. A one-to-one transfer of the bulk epoxy GIc to 
the composite GcIc-int was measured for the unmodified and M22N/M52N modified 
CFRP-composites. The propagation interlaminar fracture energy, GcIc-prop, was also 
increased by the addition of the M22N/M52N block copolymers. This was ascribed to 
the increase in size of the matrix plastic deformation zone due to the addition of the 
M22N/M52N block copolymers.   
 
All the CFRP-composites were found to fail cohesively in the epoxy matrix at 
the initiation region immediately after the pre-crack. The same toughening mechanisms 
as those observed in the bulk epoxies were present in the CFRP-composites.  
 
10.1.2.2 Aromatic amine cured epoxy system 
The MAM block copolymer, M52N and M22N, were also used to toughen an aromatic 
amine, 4,4’-methylenebis-(3-chloro 2,6-diethylaniline) (MCDEA), cured  DGEBA 
epoxy. Organised nanostructures were formed in these MAM modified epoxies, (i) 
dispersed spherical micelles and (ii) dispersed worm-like micelles (or bicontinuous 
gyroid microstructure). 
 
 The Tg of the unmodified MCDEA cured epoxy was 185 °C. The addition of the 
block copolymers reduced the Tg, although the reduction of the Tg was small when the 
concentration of the M52N or M22N was low. Furthermore, the E and σyc of the 
MCDEA cured epoxies were also reduced, due to the relative softness of the 
M52N/M22N. 
 
 The fracture toughness of the MCDEA cured DGEBA epoxy was increased 
significantly by the addition of the M52N/M22N, despite the relatively high crosslink 
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density, which is 274 g/mol compared to 410 g/mol for the anhydride cured DGEBA. 
Maximum values of KIc = 1.03 MPa·m1/2 and GIc = 569 J/m2 were measured for the 30 
wt% M52N modified epoxies, which are 59% and 298% higher, respectively, than the 
unmodified epoxy. The addition of the M22N improved the toughness of the epoxy 
similar to the addition of M52N. 
 
The toughening mechanism for the M52N/M22N modified epoxies with worm-
like micelles was identified as the localised plastic yielding triggered by the release of 
the tri-axial stress state in front of the crack tip by the soft worm-like micelles (or three 
dimensions soft PbuA network) and the PMMA-epoxy interface. The toughening 
mechanism for the M52N/M22N modified epoxy with spherical micelles was identified 
as the cavitation of the spherical micelles and the enhanced ductility of the epoxy matrix 
due to the localised plasticisation effect of the epoxy/PMMA interface. 
 
A one-to-one transfer of toughness from the bulk epoxy to the composite was 
obtained for the unmodified CFRP-composite, indicating full toughness transfer.  
However, for the M52N/M22N modified CFRP-composites, the values of the GcIc-int are 
smaller than the GIc for these composites, indicating partial toughness transfer. This was 
due to the low fibre-matrix adhesion for these M52N/M22N modified CFRP-
composites.  
 
On the interlaminar fracture surfaces of the CFRP-composites, in the initiation 
region immediately after the pre-crack, the unmodified and the 10 wt% M22N modified 
CFRP-composites were found to fail with a mixture of cohesive and fibre-matrix 
interfacial failure. The 10 wt% M52N modified CFRP-composite failed mainly by the 
fibre-matrix interface failure. The toughening mechanisms of the unmodified/modified 
CFRP-composites were found to be the same as those found in the bulk epoxies. 
 
10.1.2.3 Summary of the comparison of the block copolymer toughening 
in the two epoxy systems 
MAM block copolymer toughening on the anhydride cured and MCDEA cured DGEBA 
epoxy systems has been compared. For the bulk epoxies, the comparisons have focused 
on the morphology, stiffness behaviour, yield behaviour, fracture behaviour and 
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toughening mechanisms. For the fibre-reinforced composites, the comparisons have 
focused on the fracture behaviour and toughening mechanisms. 
 
 The morphology of the MAM modified epoxies was dependent on the chemistry 
of the epoxy systems, the concentration of the MAM block copolymers and the 
miscibility of the epoxy miscible block with the epoxy system. Different morphologies 
resulted when adding the M52N or M22N in the anhydride cured or MCDEA cured 
DGEBA epoxies. 
 
 The tensile modulus, E, and the compressive yield stress, σyc, of the epoxies 
decreased with the increasing content of the M52N/M22N. The MAM modified epoxies 
with nanostructures were found to retain the E and σyc better than those with 
macrophase separated micron-sized MAM particles.  
 
 In each of the two epoxy systems, the addition of the block copolymer increased 
the fracture toughness with the increasing content of the MAM block copolymer, except 
in the case of phase inversion. The efficacy of the MAM block copolymers to increase 
the toughness of the epoxy was dependent on the crosslink density of the epoxy. The 
toughening mechanisms of the MAM modified epoxies were dependent on the 
morphology of the modified epoxies and the characteristic of the epoxy systems. 
 
The interlaminar toughness of the CFRP-composites was increased by the 
addition of the M52N/M22N. The toughness transfer from the bulk epoxies to the 
composites was good. Full toughness transfer was obtained for the CFRP-composites 
with the unmodified anhydride cured and the unmodified MCDEA cured epoxy 
matrices as well as the M52N/M22N modified anhydride cured epoxy matrices. Nearly 
full toughness transfer was obtained for the CFRP-composites with the M52N/M22N 
modified MCDEA cured epoxy matrices. These results are in a good agreement with the 
matrix resin/fibre-reinforced composite fracture behaviour relationship summarised by 
Hunston et al. [139, 206]. The difference of the toughness transfer for these CFRP-
composites was due to the difference of the fibre-matrix adhesion between the two 
epoxy systems. Furthermore, the toughening mechanisms of these CFRP-composites are 
the same as those in the bulk epoxies. 
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10.1.3 Block copolymer and silica nanoparticle hybrid 
Hybrid toughening using a combination of the M52N block copolymer and silica 
nanoparticles has been studied. The anhydride cured and MCDEA cured DGEBA epoxy 
systems were employed as the model systems. Different morphologies were obtained 
for the different epoxy systems. For the anhydride cured DGEBA (AD) epoxy, a bi-
modal particulate morphology with dispersed micron-sized M52N spherical particles 
and silica nanoparticles was obtained. For the MCDEA cured DGEBA (MD) epoxy, 
dispersed nanometre-sized M52N spherical micelles and silica nanoparticles were 
obtained. Although agglomeration of the silica nanoparticles was observed when 
increasing the content of the M52N in the hybrid modified epoxies in both epoxy 
systems, it was only observed when the highest content of the M52N addition was used. 
 
 The Tg, σts, εtf, σyc and εfc of the unmodified and M52N modified epoxies were 
unchanged with the addition of the silica nanoparticles, except for the σyc of the 
unmodified and M52N modified AD epoxies, which is slightly decreased by the 
addition of the silica nanoparticles. However, the E of the unmodified and M52N 
modified epoxies increased by the addition of the silica nanoparticles, as the modulus of 
the silica is significantly higher than that of the polymers.  
  
 For the AD epoxy system, the addition of the silica nanoparticles increased the 
GIc and KIc of the unmodified and M52N modified epoxies. An additive effect, where 
the sum of the effect from each of the toughening agents was equal to the toughness 
enhancement from the hybrid toughening, was found. The maximum values of the GIc = 
275 J/m2 and KIc = 0.98 MPa·m1/2 were measured with the addition of 3 wt% M52N and 
5 wt% silica nanoparticle in the AD epoxy, which is approximately 170% and 70% 
higher than the corresponding values for the unmodified epoxy. For the MD epoxy 
system, the addition of the silica nanoparticles did not increase further the GIc and KIc of 
the M52N modified MD epoxies. The GIc and KIc of the M52N modified MD epoxies 
were almost unchanged with the addition of 3 wt% silica nanoparticles. 
 
 The toughening mechanisms of the hybrid modified epoxies were identified. For 
the hybrid modified AD epoxies, these are a combination of the cavitation of the phase 
separated M52N particles and subsequent plastic void growth plus the matrix ductility 
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enhancement caused by the presence of the silica nanoparticles. For the hybrid modified 
MD epoxies, the toughening mechanisms are the same as for M52N alone, since no 
toughness increase was due to the presence of the silica nanoparticles. They are the 
cavitation of the M52N spherical micelles and the enhanced plastic deformation of the 
epoxy due to the localised plasticisation effect of the epoxy/PMMA interface. When 
agglomeration of the silica nanoparticles were presented, the large clumps of the silica 
nanoparticles acted as brittle defects or weak points in the hybrid modified epoxies. 
 
The additive toughening effect found in the hybrid modified AD epoxies was 
explained by using the inter-particle distance. Since the inter-particle distance between 
the micron-sized M52N particles was relatively large, the silica nanoparticles could fill 
in the gaps and trigger more matrix shear yielding. As a result, the silica nanoparticles 
further increased the fracture toughness. This theory also explains the unchanged 
fracture toughness found in the hybrid M52N-silica nanoparticle modified MD epoxies. 
As the inter-particle distance between the M52N spherical micelles is similar to the size 
of the silica nanoparticles, so there is insufficient epoxy matrix material for the silica 
nanoparticles to trigger more matrix shear yielding, and consequently there is no 
toughness enhancement. 
 
10.2 Future work 
Through the course of the present study, potential areas for future research have been 
identified. The current section gives recommendations for future work based on the 
results of the present study. 
 
10.2.1 Pre-formed polysiloxane core-shell rubber 
1. In the present study, the elastic modulus of the unmodified epoxy at low 
temperature used for the analytical modelling was estimated from the dynamic 
mechanical thermal test results, so the estimation may not reflect the true 
modulus. It is suggested to perform tensile test at low temperature to verify the 
value of the elastic modulus at low temperature. A better fitting between the 
experimental results and the modelling results may be obtained.  
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2. Since it has been found in the present study that by using core-shell rubber 
particles with a low Tg rubber core to modify epoxies, the toughening 
mechanisms of the rubber modified epoxies will not change if the test 
temperature is above the Tg of the rubber particles. The factor which limits the 
toughness of the rubber modified epoxies at low temperature was found to be the 
ductility of the epoxy. Hence, the role of matrix ductility on the toughness of the 
low Tg rubber modified epoxies could be the objective of future studies. 
 
10.2.2 Block copolymer 
1. The estimation of volume fraction of the M52N/M52 particles in the present 
study was poor, because only 1-2 atomic force microscopy (AFM) micrographs 
were taken. A more accurate volume fraction analysis is needed to clarify the 
consistency between the experimental and modelling results given in Chapter 9. 
A dozen micrographs at random locations of each formulation of the 
M52N/M52 modified anhydride cured epoxy samples are needed for image 
analysis.  
 
2. Based on the results of the block copolymer toughening obtained in the present 
study, the extensive epoxy/block copolymer interface, or mixing region, was 
found to have a significant effect on the mechanical properties of the 
nanostructured block copolymer modified epoxies. The localised plasticisation 
effect of the epoxy/block copolymer interface has been ascribed as one of the 
major toughening mechanisms in the MAM block copolymer modified MCDEA 
cured epoxies. However, the role of the epoxy/block copolymer interface is still 
not fully understood, and understanding the effect cannot be fully obtained using 
mechanical tests and microscopy. Modelling studies were needed to clarify the 
role of the epoxy/block copolymer interface in the block copolymer modified 
epoxies. This could be the objective of the future studies. 
 
3. In the present study, only Mode I fracture tests were performed for the 
unmodified and MAM block copolymer modified CFRP-composites. In future, 
Mode II and mixed mode fracture tests may be performed to investigate the 
fracture properties. The results of these tests will complement the results of the 
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Mode I fracture tests and further the understanding of the fracture properties and 
toughening mechanisms of the CFRP-composites. 
 
10.2.3 Block copolymer and silica nanoparticle hybrid 
1. The toughening mechanisms of the hybrid modified epoxies were only studied 
by performing post-mortem fracture surface investigations. Further 
investigations of the toughening mechanisms of the hybrid modified epoxies 
may use double-notch four-point-bending tests. This technique was proved to be 
effective for providing information of the fracture mechanisms and the sequence 
of toughening events of modified polymers when fracture occurs [156]. 
 
2. The effect of the particle-matrix adhesion between the silica nanoparticles and 
the epoxy matrix has been assumed to be a minor factor in the present study, 
because the particle-matrix adhesion of the silica nanoparticles was found to be 
good and similar in the two epoxy systems employed. No debonding of the silica 
nanoparticles was observed. Although according to the literature [57] the 
particle-matrix adhesion has little effect on the fracture toughness, debonding of 
silica nanoparticles was reported by Masania [47] to further enhance the 
toughening mechanisms of the hybrid carboxyl-terminated butadiene-
acrylonitrile (CTBN) rubber particle and silica nanoparticle modified epoxies to 
give a synergistic toughening effect. Hence, an important question for future 
studies is to see whether the use of the silica nanoparticles with low particle-
matrix adhesion to modify the M52N modified anhydride cured epoxies can 
cause a synergistic toughness enhancement.   
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